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 i 
Abstract 
 
Additive Manufacturing (AM) is a group of manufacturing technologies which 
are capable to produce 3D solid parts by adding successive layers of 
material. Parts are fabricated in an additive manner, layer by layer; and the 
geometric data can be taken from a CAD model directly. The main 
revolutionary aspect of AM is the ability of quickly producing complex 
geometries without the need of tooling, allowing for greater design freedom. 
As one of AM methods, Selective Laser Melting (SLM) is a process for 
producing metal parts with minimal subtractive post-processing required. It 
relies on the generation and distribution of laser generated heat to raise the 
temperature of a region of a powder bed to above the melting point. Due to 
high energy input to enable full melting of the powder bed materials, SLM is 
able to build fully dense metal parts without post heat treatment and other 
processing.  
Successful fabrications of parts by SLM require a comprehensive 
understanding of the main process controlling parameters such as energy 
input, powder bed properties and build conditions, as well as the 
microstructure formation procedure as it can strongly affect the final 
mechanical properties. It is valuable to control the parts’ microstructure 
through controlling the process parameters to obtain acceptable mechanical 
properties for end-users. In the SLM process, microstructure characterisation 
strongly depends on the thermal history of the process. The temperature 
distribution in the building area can significantly influence the melting pool 
behaviour, solidification process and thermal mechanical properties of the 
parts. Therefore, it is important to have an accurate prediction of the 
temperature distribution history during the process.  
The aim of this research is to gain a better understanding of process control 
parameters in SLM process, and to develop a modelling methodology for the 
 ii 
prediction of microstructure forming procedure. The research is comprised of 
an experiment and a finite element modelling part.  
Experimentation was carried out to understand the effect of each processing 
control parameters on the final part quality, and characterise the model 
inputs. Laser energy input, build conditions and powder bed properties were 
investigated. Samples were built and tested to gain the knowledge of the 
relationship between samples’ density and mechanical properties and each 
process control factor. Heat transfer model inputs characterisation, such as 
defining and measuring the material properties, input loads and boundary 
conditions were also carried out via experiment.  
For the predictive modelling of microstructure, a methodology for predicting 
the temperature distribution history and temperature gradient history during 
the SLM process has been developed. Moving heat source and states 
variable material properties were studied and applied to the heat transfer 
model for reliable prediction. Multi-layers model were established to simulate 
the layer by layer process principles. Microstructure was predicted by 
simulated melting pool behaviour and the history of three dimensional 
temperature distribution and temperature gradient distribution. They were 
validated by relevant experiment examination and measurement.  
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 1 
1 Introduction 
 
 
1.1 Background 
In the history of manufacturing, subtractive methods have usually come first, 
with many machining methods, such as turning, milling, drilling, grinding, etc. 
In fact, “subtractive manufacturing” is used more as a word to distinguish the 
traditional mechanical manufacturing methods to the more recent additive 
manufacturing (AM) method. Although some “additive” fabrication methods 
like welding and casting have been used in the industry for centuries, they 
are still considered as traditional manufacturing since they do not employ 
modern computer aided design (CAD) and manufacturing techniques.   
Additive Manufacturing is defined by the ASTM F42 committee in their first 
standard ASTM F2792-10 as:  
“The process of joining materials to make objects from 3D model data, 
usually layer upon layer, as opposed to subtractive manufacturing 
technologies.” 
During the mechanical manufacturing development history, industry has 
strived for a more efficient fabrication method with less economic cost. 
Manufacturing time, raw material and equipment costs, manufacturing 
sustainability, social and environmental costs have been investigated to 
develop a revolutionary manufacturing method to benefit both manufacturers 
and end users.  
Additive manufacturing’s early application, Rapid Prototyping, was developed 
to reduce the fabrication time and cost of developing prototypes of new parts, 
which was previously achieved by slow and expensive subtractive methods 
[1]. With the years going by and the technique continually developing, additive 
 2 
manufacturing has moved further to the production end, and is disseminating 
into the industry and the business world. As a main advantage, additive 
manufacturing can fabricate very complex geometries which are difficult or 
impossible to build using conventional manufacturing process [2]. This can 
bring more profit in some cases for parts made via additive manufacturing 
than subtractive methods. However, the real integration of additive 
manufacturing techniques into commercial production is a matter of 
complementing traditional manufacturing rather than entirely replacing them 
at the moment [2]. 
As one of the AM methods, Selective Laser Melting (SLM) is a process for 
producing metal parts. It is a laser based additive manufacturing technique, 
which is able to build complex geometries directly from 3D CAD models, 
thereby allowing for great design freedom [3-5]. Selective Laser Melting relies 
on the generation and distribution of laser generated heat to raise the 
temperature of a region of a powder bed to above its melting point. Due to 
the high energy input to enable full melting of the powder bed materials, SLM 
is able to build fully dense metal parts without post heat treatment or 
infiltration of finished components required [6]. 
Successful fabrications of parts by SLM require a comprehensive 
understanding of the main process controlling parameters such as energy 
input, powder bed properties and build conditions. The microstructure in SLM 
parts is a key issue of the process as it strongly affects the final mechanical 
properties. It is valuable to control the parts’ microstructure through 
controlling the process parameters to obtain acceptable mechanical 
properties for end-users. It is important to investigate details of 
microstructure such as grain size distribution, phase transformation, forming 
trend on solidification direction, characterisation under different processing 
parameters, etc. A clear knowledge and reliable prediction of the 
microstructure forming process will give a better understanding of the SLM 
process and help other research such as process stability and repeatability 
study. 
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In the SLM process, microstructure evolution depends on the thermal history 
of the process. The temperature distribution in the build area can significantly 
influence the melting pool behaviour. Due to the high energy input per unit 
area, non-uniform temperature distribution and fast solidification process, a 
high thermal gradient may be introduced into the SLM component. This 
thermal gradient causes residual stresses and affects the final part’s quality 
[7]. Also the presence of a fully molten melt pool makes the process very 
difficult to control due to increased thermocapillary effects [8]. Therefore, it is 
important to have an accurate prediction of the temperature distribution 
history during the process.  
 
1.2 Scope of Research 
The aim of this research is to gain a better understanding of the process 
control parameters in SLM process, and to develop a modelling methodology 
for the prediction of the foundation of part microstructure. The following 
objectives were identified to achieve the overall scope of the research. 
 Investigation of the main laser energy density input control parameters, 
such as laser power, scanning speed, lens focus position, hatch 
spacing, etc. 
 Investigation of the effect of building conditions to the process.  
 Raw materials characterisation, including powder particle shape and 
size distribution, flowability, sustainability and their effects to the final 
parts quality. 
 Heat transfer model inputs characterisation, such as defining and 
measuring and the material properties, input loads and boundary 
conditions. 
 Establishment of a Finite Element model of moving heat source. 
 Adding states variable material properties to the heat transfer model. 
 Establishment of multi-layers heat transfer model. 
 Validation of heat transfer modelling work using relative experiments. 
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 Microstructure prediction based on the knowledge of main process 
control parameters and results from heat transfer modelling work. 
 
1.3 Research Methodology 
The research is comprised of an experiment and a finite element modelling 
part.  
Experimentation was carried out to understand the effect of each processing 
control parameters on the final part quality, and to characterise the model 
inputs. Laser energy input, build conditions and powder bed properties were 
investigated. Samples were built and tested to gain the knowledge of the 
relationship between samples’ density and mechanical properties and each 
process control factor. For laser energy input parameters, laser energy 
output, scanning strategy and building direction were studied. Build condition 
investigation includes oxidation control, gas flow in the process chamber and 
pre-heating study. The powder bed properties study characterises the raw 
material, which includes chemical composition, particle shape and size 
distribution, flowability and sustainability examinations. Heat transfer model 
inputs characterisation, such as defining and measuring the material 
properties, input loads and boundary conditions were investigated via 
experiment.  
For the predictive modelling of microstructure, a methodology for predicting 
the temperature distribution history and temperature gradient history during 
the SLM process has been developed. Moving heat source and states 
variable material properties were studied and applied to the heat transfer 
model for reliable prediction. A Multi-layers model was established to 
simulate the layer by layer process principles. Microstructure was predicted 
by simulated melting pool behaviour and the history of three dimensional 
temperature distribution and temperature gradient distribution. These results 
were validated by relevant experiment examination and measurement.  
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1.4 Research Novelty 
Previous work in the SLM field has focused on the part quality and 
microstructure control by optimising the laser energy input. This research 
studies not only the laser energy input, but also raw material properties’ 
effect on the SLM build quality. Raw material properties are also taken into 
thermal modelling work for the temperature and microstructure prediction. 
This research involves a multi-layer heat transfer modelling work to give 
three dimensional temperature history predictions, while most previous 
models did not include this layer by layer manner. The results from the model 
are used for predicting the melt pool behaviour during the SLM process and 
the microstructure of SLM parts. 
 
1.5 Thesis Structure 
Each aspect of this research is described in detail and results are discussed 
in the remaining chapters of this thesis. A brief description of the contents is 
given below, with the main structure shown in Figure 1-1. 
Chapter 2 Literature Review provides a review of the literature to validate 
the relevance of this research. Some of the basic concepts of additive 
manufacturing process are introduced in the chapter. Previous studies on 
process control parameters and working principles of SLM are reviewed. 
Laser manufacturing relevant heat transfer models are studied. The gap of 
knowledge based on the literature review is identified. 
Chapter 3 Experimental Research Methods introduces the research 
methods for the experiments in this research. The main equipment is 
introduced at the beginning, followed by SLM process optimisation, raw 
material characterisation and model inputs identification methods. 
Microstructure examination methods are presented at the end. 
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Chapter 4 Finite Element Modelling Methods introduces the research 
methods on simulation establishment. Geometry used in the model, meshing 
method, boundary condition selection are discussed, as well as the methods 
on applying the moving heat source, states variable material properties and 
multi-layers to the model. 
Chapter 5 Results & Discussions – SLM Process Control Parameters 
studies the effect of laser energy input strategy and building conditions in the 
SLM process on the final built part quality.  
Chapter 6 Results & Discussions – Raw Material Characterisation 
characterises the powder’s chemical and physical properties, such as shape, 
size distribution, flowability, etc. Two samples with different particle size 
distribution are used in the research. Effects of different particle size 
distribution on processing parameters optimisation and powder sustainability 
are investigated.  
Chapter 7 Results & Discussions – Model Inputs Characterisation 
describes the measurement and calculation of the main heat transfer model 
inputs, which including input heat source, base material properties and 
boundary conditions. 
Chapter 8 Results & Discussions – Heat Transfer Model Establishment 
provides the main work on the heat transfer model establishment – the 
procedure of applying moving heat source, states variable material 
properties and boundary conditions into the simulation. This chapter also 
presents the multi-layers model establishment procedure and discusses the 
results from simulation. 
Chapter 9 Results & Discussions – Microstructure Prediction and 
Validation focuses on the microstructure prediction using the results 
obtained from previous chapter, and the validation through experiment 
examinations. 
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Chapter 10 Discussions discusses the experimental and the modelling 
results presented in previous chapters and their connections. 
Chapter 11 Conclusions and Future Work presents the main conclusions 
from the research, along with the suggested future work. 
 
Figure 1-1 Main thesis structure 
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2 Literature Review 
 
 
2.1 Additive Manufacturing 
Additive Manufacturing (AM) is a group of manufacturing technologies which 
are capable of producing 3D solid parts by adding successive layers of 
material. Parts are fabricated in an additive manner, layer by layer; and the 
geometric data can be taken from a CAD model directly [3, 4, and 9]. The main 
revolutionary aspect of AM is the ability of quickly producing complex 
geometries without the need of tooling, allowing for greater design freedom [5]. 
The other advantages include the reduction in manufacturing steps and use 
of materials; therefore causing reduction in fabricating cost. Additive 
Manufacturing is also referred to as Solid Freeform Fabrication (SFF) [10], 
Layered Manufacturing (LM) [11], and e-Manufacturing [12].  
Additive Manufacturing can go back to the late 1980’s, early 1990’s [13, 14]. In 
1991, CIRP’s STC-E devoted a first keynote paper on a survey of additive 
manufacturing, which surveys one decade of innovation in AM [13]. Although 
most processes were already known in 1991, most of them were still in a 
pre-commercial stage, with some of them reaching the commercialisation 
stage painfully [15]. The first successful process, Stereolithography from 3D 
systems, came out in 1991. Followed by other companies, there is a clear 
breakthrough in 1994 in AM at which time machine sales took off 
exponentially [15]. Many AM techniques existing today can process materials 
such as polymers, metals, ceramics and composites. The bonding of 
material can be achieved by different physical and chemical methods.  
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2.1.1 Classification 
The classification of AM technologies can be based on the raw material used 
in the process [16], which divides these technologies into three different 
categories: Liquid-based processes, Powder-based processes and Solid-
based processes. Figure 2-1 shows a family tree of AM technologies. It may 
not cover all current technologies, but it shows the categorisation of major 
AM techniques. 
 
 
Figure 2-1 Family tree of Additive Manufacturing Technologies [16] 
 
Additive 
Manufacturing 
Technologies 
Liquid-based 
Stereolithography 
Jetting Systems 
Direct Light Processing 
Hign-Viscosity Jetting 
The Maple Process 
Powder-based 
Selective Laser Sintering 
Directing Metal Laser 
Sintering 
Three-Dimensional Printing 
Fused Metal Deposition 
Electron Beam Melting 
Selective Laser Melting 
Selective Masking Sintering 
Selective Inhibition Sintering 
Electrophotographic Layered 
Manufacturing 
High-Speed Sintering 
Solid-based 
Fused Depostion Modelling 
Laminated Object 
Manufacturing 
Ultrasonic Consolidation 
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2.1.2 Liquid-based processes 
Most Liquid-based AM systems form solid parts by selectively curing regions 
of photosensitive polymers using a particular wavelength of light. The light 
source can be either a scanning laser beam or a wide area light source. 
Photocurable resins which can achieve stable properties over time and in 
different environments are widely used in Liquid-based additive 
manufacturing technologies [16]. 
Stereolithography (SLA) system, released by 3D systems in 1987, is widely 
considered to be the founding process within the field of AM [17]. The 
stereolithography process uses an ultraviolet (UV) laser to cure a 
photocurable resin. Parts can be built from a CAD model and the whole 
process can be controlled by the machine’s software, including automatically 
generating the supports.  
 
2.1.3 Solid-based processes 
AM processes which use solid raw materials in non-powder form have been 
an integral part of the AM industry since early 1990s [16]. They are still 
developed and improved by both the suppliers and academic institutions 
today. 
Fused Deposition Modelling (FDM) was commercialised by Stratasys Inc. 
in 1991 [8, 18]. In this process, solid wire-shaped materials are heated to a 
semi-molten consistency before depositing using single or multi nozzle 
systems. The nozzle systems traverse in X and Y direction to create a two-
dimensional layer. FDM can process materials such as polycarbonate, 
polyphenylsulfone and acrylonitrile butadiene styrene (ABS). This process 
can build solid parts with little waste, but the size of the extrusion limits the 
size that any features smaller than double the track width cannot be 
produced [18].  
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Ultrasonic Consolidation (UC) is also a solid-based technology developed 
by Solidica Inc. in 2002 [19]. It combines the ultrasonic welding of metal foils 
and additive manufacturing techniques to produce solid parts. The process 
applies sonic oscillations to metal foil under an applied load. The oscillation 
bonds the thin metal foil together with a very low heat. This process is 
capable to process a range of metals such as Iron, Copper, Nickel and 
dissimilar combinations like Al/Stainless steel and Al/Ni [20]. 
 
2.1.4 Powder-based processes 
Powder-based additive manufacturing technologies offer a wide range of 
material possibilities such as polymers, metals and ceramics. Parts can be 
built with similar material properties and stability compared with solid material. 
These technologies can be divided into two main types: powder feed 
deposition and powder bed deposition. 
Based on powder feed deposition, a number of processes have been 
developed, such as Three-Dimensional Laser Cladding (3D LC) which is 
also called Laser Engineered Net Shaping (LENS) [21]. In the process, the 
powder is delivered in a gas jet through nozzles, coaxially with the laser 
beam. The powder in the melt pool created by the laser can form a cladding 
line and then cool to form a solid structure when the laser moves away. It is 
important to melt the powders and homogenise the melt pool for successful 
building [4]. Fully dense parts can be achieved by this technique [22-24].  
Three-Dimensional Printing (3DP) developed at MIT is the basis of a 
number of technologies that use the application of a binder to a powder layer 
to construct parts [16-18, 25]. In the process, a thin powder layer is selectively 
bonded by ink-jet droplets of adhesive binder. A range of materials can be 
used in this technique, including metals. But the parts fabricated by this 
technique usually have high surface roughness and need further post 
processing operations to obtain final properties [26, 27]. 
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Selective Laser Sintering (SLS) is an important additive manufacturing 
technique widely used today, which is referred to as powder bed deposition. 
It was first invented in 1979 by Ross Householder, and commercialised in the 
late 1980s by the University of Texas at Austin, when the first machine came 
out in 1992 developed by DTM Corporation [28-30]. The process is in many 
ways similar to Stereolithography; but is capable of processing a variety of 
materials including polymers, metals and ceramics.  The powdered raw 
material is sintered or partially melted by a laser which selectively scans the 
surface of the powder bed to create a two-dimensional solid shape, and then 
a fresh layer of powder is added to the top of the bed to form another solid 
layer which can be traced by the laser bonding it to the layer below. It is 
basically a one-step process and you can get the final parts directly from a 
CAD model. To minimise the required laser output energy and to reduce 
thermal stresses, the powder is normally maintained at an elevated 
temperature, just below its fusing point [28-32]. To avoid oxidation problem 
during the process, it usually operates in an inert protect gas environment [18]. 
Electron Beam Melting (EBM) is a process very similar to SLS but replaces 
the laser with an electron beam. It was developed by Arcam in Gothenburg 
Sweden in 1997 [33].The electron beam is stationary and there is no need for 
scanning mirrors as the beam can be directed by changing an 
electromagnetic field, which allows for high scanning speed and fast build 
rates [34]. The technique offers the ability to fully melt a wide range of metal 
powders due to the high power developed by the electron beam. However 
the process is limited to conductive materials and surfaces [16].  
Selective Laser Melting (SLM) is also a process very similar to SLS, but it 
uses a higher energy density to enable full melting of the powder. This 
technique is capable of building fine details such as thin vertical walls, 
complex lattice structures and fine cylindrical struts [35, 36]. SLM is capable of 
processing many standard metal materials like Stainless Steel, Inconel, 
Titanium alloys and Aluminium alloys [16, 25]. Due to the high temperature 
involved in processing metals, the use of a protecting gas is important to 
avoid oxidation. It can also enhance the wet-ability of the molten material and 
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reduce the porosity caused by oxidation [37]. However, due to full melting 
process and high temperature, there can be big thermal stresses and large 
shrinkage after solidification, which need to be improved.  
 
2.2 Direct Metal Laser Fabrication 
Direct Metal Laser Fabrication (DMLF) is a group of laser based additive 
manufacturing technologies for producing metal components. The laser 
beam is delivered to the surface of the material, and the heat generated by 
the laser causes the material to sinter or completely melt. When the laser 
beam moves away, the material can be cooled and forms solid parts. The 
material type can be in powder or wire form, and the laser types and material 
deposition methodology can vary [4]. Due to the accuracy, stability and 
versatility of the laser beam, DMLF processes are capable of building end-
use parts with acceptable accuracy and resolution just in one step. Also, 
these technologies can fabricate parts with improved mechanical properties 
compared to the conventionally processed, such as casting and forging [38, 39].   
 
2.2.1 Laser scanning systems 
DMLF processes can vary due to system configuration. The type of laser 
used within the system is a significant factor that greatly affects the 
capabilities of the system. With the continuous development of laser 
technology, many kinds of lasers have been used in laser direct 
manufacturing. Commercial sintering and melting machines have used 
Carbon Dioxide (CO2), Neodymium-doped Yttrium Aluminium Garnet 
(Nd:YAG) and Ytterbium (Yb) fibre lasers. The main difference between 
these lasers is their wavelength. CO2 lasers have a wavelength of 10.6µm 
while Nd:YAG and Yb fibre lasers have wavelengths in the range of 1.06 to 
1.1µm.  
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As a gas laser, CO2 lasers are one of the highest-power continuous wave 
lasers that are currently available. It is also quite efficient: the ratio of output 
power to pump power can be as large as 20% [40]. Nd:YAG lasers are solid-
state lasers, which can operate in both pulsed and continuous mode. Pulsed 
Nd:YAG lasers are typically operated in the so called Q-switching mode, 
which can generate high intensity [41]. Yb fibre lasers are capable of 
producing several-kilowatt of continuous power, having 70-80% optical-to-
optical and up to 25% electrical-to-optical efficiency [42]. The advantage of the 
fibre laser is that the light can be coupled into the flexible fibre and can be 
delivered to a movable focusing element with high output power and high 
optical quality [43]. 
The Gaussian distribution is the most widely adopted model for laser 
intensity distribution, which utilises the symmetrical distribution to describe 
laser intensity across the laser beam [44]. It assumes that in most cases the 
maximum laser intensity is at the centre of the beam. Figure 2-2 shows three 
different Transverse Electromagnetic Mode (TEM) radial intensity 
distributions. The TEM00 profile is the one suited for laser machining due to 
high energy concentration in the central area and also the energy is 
gradually emitted from the centre, which delivers enough and smooth energy 
to the substrate [45].  
 
Figure 2-2 Gaussian beam mode profiles [46] 
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Based on the Gaussian function, the corresponding time-averaged intensity 
distribution can be given by Equation (2.1) [44]. 
 (   )  
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where r is the radial distance from the centre axis of the beam, z is the axial 
distance from the beam's narrowest point (the "waist"),     (   )  is the 
intensity at the centre of the beam at its waist, w(z) is the radius at which the 
field amplitude and intensity drop to 1/e and 1/e2 of their axial values 
respectively, and w0 = w(0) is the waist size. The constant is the 
characteristic impedance of the medium in which the beam is propagating, 
and for free space,          .  
For a Gaussian beam of wavelength λ at a distance z along the beam from 
the beam waist, the variation of the spot size w(z), can be given by Equation 
(2.2). 
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Where zR is the distance along the propagation direction of the laser beam 
from the waist to the place where the area of the cross section is doubled, 
and is called the Rayleigh range [47], given by Equation (2.3). The distance b 
between two Rayleigh range points is the depth of focus of the beam, where 
b=2zR. 
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The waist size, which is the minimum spot diameter to a Gaussian beam, 
can be given by Equation (2.4) [48]. 
   
      
   
                                                     (2.4) 
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Where M2 is the beam propagation factor, f1 is the focal length of the lens, λ 
is the laser wavelength and D1 is the beam diameter at the lens. Figure 2-3 
shows these beam parameters stated above.  
 
Figure 2-3 Gaussian beam parameters after focusing [49] 
 
The power P passing through a circle of radius r in the transverse plane at 
position z can be given by Equation (2.5) [44]. 
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where P0 is the total power transmitted by the beam, given by Equation (2.6) 
[44]. 
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Similarly combining these two functions can find that about 95% of the 
beam’s power will flow through a circle of radius r=1.224w(z) [50]. 
The peak intensity at an axial distance can be calculated using L'Hôpital's 
rule, given by Equation (2.7), which is twice the average intensity [49].  
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A whole laser scanning system usually has several optical components. A 
beam expander is often used where the beam path is long or the laser 
produces such a small beam diameter which is very difficult to focus without 
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having the focal lens close to the work piece. Different types of reflecting 
mirrors are used to direct the laser beam in the X and Y axis. A focal lens is 
used to focus the laser beam where the minimum spot size can be on the 
surface of the building platform. 
 
2.2.2 Laser-Material interactions 
Laser light is a form of energy or electromagnetic radiation generated by 
Light Amplification Stimulated by Emission of Radiation (LASER). It can also 
be considered as moving particles with very high energy values. The process 
of melting using a laser begins by converting the laser’s photons into kinetic 
energy [51]. The photons can excite electrons which are in the outmost shell 
of surface atoms of the target material, including the release and excitation of 
conduction electrons. This energy transfer usually takes a very short time, 
about 1ps in metals [52]; so it is revealed as rapid heating or thermalisation. 
The heat generated by the laser will travel through the target material by 
thermal conduction, and can completely liquefy the material to form a melt 
pool. 
When the laser transfers energy to a material, the energy cannot be fully 
absorbed by the material. The absorption of a material is defined as the ratio 
of the absorbed radiation to the incident radiation [53]. The value of the 
absorption coefficient will vary with the same effects that affect the reflectivity. 
For most materials, 
Reflectivity = 1 – absorptivity – transmission [54]                (2.8) 
In actual processes, the energy loss contains radiation, convection with the 
surrounding atmosphere and expulsion of materials [55]. However, the main 
loss of the laser energy is reflection [54]. 
In general, the absorption depends on the laser wavelength, the nature of the 
material, surface geometry, surrounding gas and temperature, etc. [56-59] It is 
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believed that at longer wavelengths metallic materials generally have an 
increased reflectivity and consequently the laser processing of metals is 
more difficult, so it is preferable to process metals using lasers with shorter 
wavelengths as the metal can absorb more energy from the laser [60]. This is 
because of resonance and scattering effects of the laser wavelength [61].  
Unlike an opaque continuous medium, the powder bed allows a certain 
penetration of the light energy of the laser beam through gaps between 
particles and mutiple reflection into particles. This penetration allows more 
laser energy absorption into the powder bed rather than a continuous 
medium. In order to describe how the energy will be absorbed in depth, an 
"energy penetration" parameter was introduced [62]. Table 2-1 shows the 
absorption of some typical powder materials at different wavelengths. 
 
Material λ= 1.06µm λ= 10.6µm 
Cu 59% 26% 
Fe 64% 45% 
Sn 66% 23% 
Ti 77% 59% 
Ni-alloy 64% 42% 
NaNO3 16% 80% 
NaCl 17% 60% 
Table 2-1 Absorption of powder materials at different wavelength [62] 
 
2.2.3 Binding mechanisms 
There are many ways to consolidate metal powder material pre-deposited on 
a building platform with a laser. Classification of laser based powder 
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consolidation mechanisms can be based on the powder material state, which 
divides these ways into three different categories: Solid State Sintering, 
Liquid Phase Sintering/Partial Melting and Full Melting [63].  
Solid State Sintering is a consolidation process occurring below the 
material’s melting temperature. This binding creates “necks” between powder 
particles without the presence of a liquid phase at the contact areas [64, 65]. 
This method is rarely used in additive manufacturing as diffusion of atoms is 
very slow and not compatible with the desired high laser scanning speed 
which will increase the process productivity and economic feasibility [63]. 
Liquid Phase Sintering and Partial Melting include many binding mechanisms 
in which part of the powder material with low melting temperature is melted 
while the remaining material with a higher melting temperature remains solid. 
There is a limited degree of rearrangement of the solid particles due to the 
short interaction time; so that the metal part produced directly using partial 
melting will contain a high level of porosity [8]. It may need post-processing 
operations in order to reduce the part porosity and improve mechanical 
properties. 
Full melting is a consolidation mechanism which is capable of producing fully 
dense parts without the need of any post-processing. It can achieve this by 
completely melting the powder particles with the use of high laser energy 
densities. However, due to the high temperature gradients and densification 
ratio during the process, high internal thermal stresses can be generated [66, 
67]. Also, balling and dross formation from the melt powder materials in the 
melt pool may result in poor surface finish [63]. Explanation on the balling 
effect can be found in section 2.3.3. 
 
2.3 Selective Laser Melting 
Selective Laser Melting (SLM) is a powder bed process which is very similar 
to Selective Laser Sintering (SLS), but uses a different laser energy density 
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to enable full melting of the powder; a schematic of the process is shown in 
Figure 2-4. Theoretically the fabricated parts can exhibit full or near-full 
density without any post processing work such as heat treatment or 
infiltration of finished components required [6]. 
SLM can process standard metal powder materials like stainless steel, 
Inconel, titanium alloys and aluminium alloys. These powders are processed 
directly without the addition of a binder. The ability to fabricate parts using 
single type of metal powder material is one of the biggest advantages of SLM 
[68]. Recently, it has been found that SLM can also build from mixture powder 
[8]. 
 
Figure 2-4 Schematic of the Selective Laser Melting process 
 
2.3.1 Process control factors 
The SLM control factors which influence part physical and mechanical 
properties include laser energy input strategy, raw material properties, 
powder bed properties, building strategy and atmosphere [69]. Previous 
 21 
studies performed using SLM have shown that important part features such 
as porosity, surface roughness, geometry, parts dimensional accuracy and 
microstructure are strongly dependent on the system’s laser processing 
parameters such as laser power, scanning speed, layer thickness, scan 
overlap, etc. [70-72] 
Some factors in the process are controllable, while some not. Table 2-2 
shows the main SLM control parameters classified by controllability and also 
different control parts in the process. 
Control Systems Variable Parameters 
Non-variable 
Parameters 
Optical scanning 
system 
Laser power 
Laser focus position 
Beam energy intensity 
Laser efficiency 
Laser beam profile 
Focal lens properties 
Process scanning 
strategy 
Scanning speed 
Hatch distance 
Layer thickness 
Scanning direction 
Re-melting scan 
 
Processing 
environment 
Gas flow 
Pre-heating 
Building substrate 
thickness 
Inert gas 
 
Raw material & 
powder bed 
Particle shape 
Particle size distribution 
Powder flowability 
Density of the powder 
bed 
Chemical compositions 
Laser energy absorption 
Table 2-2 Main SLM process control factors 
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2.3.2 Optical scanning system 
Optical scanning systems used in SLM today for processing metals usually 
contains a short pulse or continuous wave of laser energy, a beam expander, 
a dual axis scanning mirror system and a F-Theta focal length lens. The use 
of F-theta lens can provide a flat field at the image plane of scan, delivering 
the laser energy uniformly throughout the powder bed, shown in Figure 2-5. 
The development of F-Theta lens covers a wider spectral range of laser and 
provides a larger working area, which increases the efficiency of laser 
material processing techniques [73].  
 
Figure 2-5 Working principle of F-theta lens [74] 
 
The main feature of a continuous wave laser is it has a continuous laser 
output due to the continuous excitation of the reactive medium where the 
energy output is theoretically constant. In this case, the powder bed can 
receive a continuous stable energy input and be heated and melt 
continuously [75]. However, in some SLM processes, laser energy is emitted 
in a pulse mode by setting the exposure time and the distance between 
exposures. This method of laser energy delivery is carried out such that heat 
build-up and melt pool width is minimised [69]. 
In SLM processes, laser energy density, Eρ, is a key factor that affects the 
final part’s quality. Laser energy density is defined by the incident laser 
power P (W), laser scanning speed u (mm/s) and laser beam spot size on 
the powder bed δ (mm), given by Equation (2.9) [3]. 
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The process parameters, laser power and scanning speed can be controlled 
during the process through machine control software. Laser beam spot size 
on the powder bed can also be controlled by adjusting the lens position or 
the distance between lenses in the beam expander. In some systems, beam 
offset is used to compensate for the laser beam focal diameter at the 
boundaries of the scanned section [68]. 
 
2.3.3 Process scanning strategy 
In SLM processes, the input process parameters can be controlled and 
varied to achieve the resultant parts. Many previous input parameter control 
works have been carried out to improve the material properties such as 
density, surface finish, accuracy and mechanical properties. These machine 
controllable input parameters include laser exposure time and point distance, 
powder layer thickness, hatch type, hatch distance, beam offset, and other 
strategies. Table 2-3 and Figure 2-6 show the description of some brief 
parameters. 
 
 
Figure 2-6 Schematic of some input process parameters 
 
Each circle presents 
one laser exposure 
point 
laser moving 
direction 
 24 
Input Parameters Description 
Exposure time Determines the time of laser exposure into each point. 
Point distance Each hatch line is divided into a series of points, point 
centres are separated by the point distance. 
Scanning speed Defines the speed of the scanning laser movement. 
Layer thickness Specifies the layer incremental distance during process. 
Hatch type Controls the scanning strategy, such as scanning 
direction, re-melting scan, chessboard scan, etc. 
Hatch distance Controls the distance between two adjacent lines of the 
scan. 
Table 2-3 Input process parameters of SLM 
 
A characteristic of the SLM process is the combination of exposure time and 
point distance, which is used to define the scanning speed of the laser beam: 
               
              (  )
             (  )
                              (2.10) 
Scanning speed is a main factor than can affect the laser energy density. It 
must be mentioned that a range of laser powers and scanning speeds can 
produce the same energy density. However, the effect on the powder can be 
variable as some significant effect factors such as radiation and absorption 
can be different [4]. Hatch distance also affects the laser energy density.  
The main aim of controlling the energy density is to make sure the heat 
absorbed by the powder is enough for producing dense parts without over-
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heating. High energy density can cause the surface powder to begin to 
vaporise before a significant depth of molten material is achieved. It can also 
cause deformation of the parts due to high thermal stresses. Reducing the 
energy density can be achieved by reducing the laser power, increasing the 
scanning speed and increasing the hatch distance. The melt powder layer 
thickness decreases with increasing the scanning speed due to the shorter 
interaction time, this thickness also decreases with increasing hatch distance 
[4, 76].  
Controlling the process parameters needs to consider the wet-ability for 
avoiding balling phenomenon. Balling is when melting is induced by the laser 
beam, the molten powder quickly consolidates into spheres of diameter 
approximately equal to the diameter of the laser beam, rather than 
consolidating into the previous layer. Previous work showed that the 
spherical structure increased with decreasing the scanning speed and 
increasing the laser power [77-79]. Recent investigation indicated that the 
scanning speed is the main factor in determining / avoiding the balling 
phenomenon [68]. Suitable higher scanning speed can reduce balling, even 
when the energy densities are the same. 
Many scanning strategies can affect the melt pool behaviour and material 
properties of the parts [80]. A widely used re-melting strategy is used to re-
melt the surface of the part to reduce the top surface roughness [70].  It needs 
a control of the process parameters like scanning speed and input power to 
ensure the efficient re-melting results. 
 
2.3.4 Process environment 
In the SLM process, the gas chamber should be filled with a protecting gas to 
aid reduced oxidation during the process. Oxygen can react with the molten 
material causing the surface to oxidise which will affect the final part 
properties. Oxidation can cause the reduction of molten material wet-ability, 
which can be a barrier to successful layer fusion and can cause porosity, 
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balling, delamination and tearing due to surface tension effects [37]. It is 
stated that the O2 level within a SLM process should be below at least 0.3% 
to aid reduction in oxidation [81]. 
Different types of protect gases can be used to surround the building area 
such as argon (Ar), nitrogen (N2), helium (He) or Carbon Dioxide (CO2). Ar is 
heavier than air enabling an effective shielding for molten material and 
greater resistance to cross-draft [82]. N2 can react and form nitrides with 
several elements such as Ti, Mn and Cr [83]. N2 cannot be used in processing 
carbon steel as it can also react with Fe and C, causing porosity in the part. 
He is lighter than air making it difficult to protect molten material in powder 
bed based process. Due to the low price compared with other protect gases; 
Ar is widely used in commercial SLM systems. 
Some academic works believed that pre-heating the building substrate can 
reduce the surface roughness and improve the part accuracy due to reduced 
thermal gradients and shrinkage, as less heat input is required by the laser to 
change the powder from a solid to liquid phase [84-86]. But some research 
indicated that pre-heating the powder bed does not necessarily improve the 
part properties as pre-heating only raise the temperature to 100-250°C, while 
the fully melting temperature of metals is above 1000°C [87]. Pre-heating 
processes can improve the powder flowability as it reduces the moisture 
content of the powder, also it can slightly improve spreading behaviour of a 
melt pool due to reduced temperature variation between solid parts and melt 
pool [69]. 
 
2.3.5 Raw material used in SLM process 
Metals powders are the largest group of materials developed for the SLM 
process today. There has been a number of academic works on SLM to 
process stainless and tool steel, iron, copper, aluminium and aluminium 
alloys, nickel alloys, titanium and chromium [70, 88-92]. Most metal powders can 
be processed to produce fully functional parts directly; however, processing 
 27 
highly reactive metals such as aluminium may have more processing 
difficulties. Powder properties such as Particle Size Distribution, density of 
the powder bed, laser energy absorption, melting temperature, boiling 
temperature and other thermal properties, should be considered before 
processing as the characteristics of the powder have a critical effect on the 
process [93].  
With development in the powder fabrication techniques, atomization 
techniques are widely used in recent years and become the major 
techniques for fabricating metal powders [94]. Atomization processes involve 
the formation of powder from molten material using a spray of droplets. It can 
be classified by the medium used for breaking up the molten material steam, 
which divided these techniques into three main methods: gas atomization, 
water atomization and centrifugal atomization. Most commercial used metal 
powders can be produced by gas atomisation, while some special materials 
such as hard ceramic materials need to be produced by water atomisation or 
centrifugal atomisation [94]. Gas atomized metal powders can have 
acceptable packing properties and flowability, and exhibit apparent and 
tapping densities in the 60-65% of theoretical range (bulk material) [94]. 
Particle size distribution is a key factor in powder characterisation. It has a 
significant effect on powder bed density and fluidity. It also affects the density 
and surface roughness of the parts, layer thickness determination and 
energy input determination. Having a wide range of particle sizes can result 
in a higher packing density as the smaller size particles can fill the gaps in 
between larger particles. A wide range of particle sizes may conversely lead 
to increased porosity as larger particles could melt or partially melt while 
smaller particles may vaporise [71]. Previous research believed that using a 
particle size range of 20-50μm can meet the basic acceptance when 
producing fully functional high density metal parts [87, 95, 96]. 
Use of smaller powder requires less heat input for melting. The efficiency of 
the laser reduces if the particle size becomes smaller as absorption becomes 
smaller. In general, the smaller particle size can form parts with higher 
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surface quality both on the top and side of a part as the stair stepping effect 
is reduced due to the ability of depositing thinner layers [4, 18, 97]. Also, by 
using smaller particles and layer thickness, the beam diameter can be 
reduced as it has a shorter distance to diverge [98]. So it can improve the part 
accuracy as the shrinkage and the width of melt area difference between the 
bottom and top of each layer is smaller [99]. 
 
2.3.6 Powder flowability 
During the SLM process, the powder layer should be spread uniformly by the 
wiper. Therefore the powder flowability is a main powder characteristic which 
can affect the melting process, particle distribution on the powder bed, laser 
energy absorption and laser-powder interaction. The flowability can be 
significantly affected by powder particle size distribution, particle morphology 
and inter-particle friction [94]. It is believed that spherical particles with smooth 
surfaces and a uniform size move more easily within the powder system and 
tend to create a uniform bed density. The high flowability occurs when the 
powder contains a narrow particle size range. However, maximum powder 
bed density occurs when the powder contains a mixture of different sized 
particles. Therefore, for optimum SLM processing, a fine balance between 
these two is required [68]. Particles with a perfectly round shape flow smoothly 
as the flow motion is not hindered by angle contacts [87]. Also the smooth 
surfaces reduce the inter-particle friction. 
Moisture can also affect the flowability of the powder. It is important to store 
the powder in a dry place to avoid moisture. Pre-heating the substrate can 
also help to reduce the moisture during the process. 
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2.3.7 Effect of chemical elements 
Few metals are used in their pure state. They always have other elements 
added to them for turning them into alloys and giving them better mechanical 
properties. The alloying elements usually dissolve in the basic metal to form 
solid solution, and the solubility can vary depending on different elements 
[100]. These elements can influence the bonding mechanism and finally 
microstructure of the alloy.  
In the SLM process, dissolved elements can cause solidification problem 
such as delamination and solidification cracks due to its significant effect on 
the material convection in melt pool [8]. Also the difference on melting 
temperature of each element and inter-reaction between them can result in 
the formation of a heterogeneous microstructure. Some elements may have 
high reflectivity of the laser beam and cause a negative effect on 
densification, while some elements can affect melt pool behaviour causing 
porosity and high roughness on the top surface [8].  
 
2.3.8 Laser energy absorption 
In the SLM process, the energy or heat input depends both on the laser 
energy density incident on the work material surface and the energy 
absorption. The study of whole process laser energy absorption is important 
for obtaining a more uniform and reproducible laser melting process.  
Unlike fully dense materials, only part of the incident radiation is absorbed by 
the outer surface of the particles in a loose powder. As the laser is a light 
source, the incident radiation can penetrate through the inter-particle pores 
to be absorbed by the underlying particles. So powder materials exhibit a 
higher absorption than the same bulk material. It must be remembered that 
the powder structure changes with exposure, so the energy absorption will 
change with time during the process [53]. Due to phase changes of the metal 
powders from solid to liquid, the density of free electrons in liquid is higher 
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than that in solid according to the decrease of Fermi’s energy [101]. This can 
increase the absorption of laser energy as the collision frequency between 
photons and heat carrier electrons increases which can also cause an 
increase in conductivity [82, 102]. 
Previous works have focused on the laser energy absorption measurement 
on the powder beds. However, during the SLM process, when the metal 
powders become molten, there is an increase of energy absorption. There 
may also be a problem when melting material next to previously melted 
material. The powder melting and consolidation mechanisms happen in a 
very short time, as well as the area of melting powder under a certain 
exposure time is difficult to measure and calculate, it is difficult to get the 
value of the laser energy absorption of the whole process.   
 
2.3.9 Microstructural development 
The microstructure of a material, which is the number of presented phases, 
phase distribution, volume fraction, phase grain shape and size, is essential 
knowledge as many physical and mechanical properties are structurally 
sensitive [103].    
In the SLM process for metals, solidification conditions such as the cooling 
rate determine the microstructure of the part produced. After the laser moves 
away from the melt pool, the highly disordered liquid phase material transfers 
to an ordered solid phase, accompanied by the release of thermal energy 
[104]. During solidification processes, crystalline nuclei form and these 
crystalline regions can grow due to the removal of thermal energy. In the 
general case of solidification within the bulk of molten metal, few crystalline 
nuclei form independently at random points. But in the SLM processes, rapid 
cooling rates reduce the time for nuclei formation and may cause non 
homogeneous nucleation [104].     
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Some metals have more than one crystal structure. It is a fact that changing 
temperature can control the crystal structure effectively. This can change 
material properties as different crystal structures have different mechanical 
properties application conditions. For example, at low temperatures, steels 
which have a face-centred cubic (fcc) structure have much better ductility 
and toughness than steels which have a body-centred cubic structure (bcc) 
[100]. 
The iron rich corner of the C-Fe-Cr-Ni system forms the basis of the wide 
range of commercial alloy stainless steels. The major solid state 
transformations involve the allotropic forms of iron, which are ferrite (bcc), α-
iron and δ-iron, and austenite (fcc), γ-iron [105]. The binary equilibrium phase 
diagrams of C-Fe (Carbon-Iron), Fe-Cr (Iron-Chromium) and Fe-Ni (Iron-
Nickel) are shown in Figure 2-7 to Figure 2-9. 
 
Figure 2-7 C-Fe phase diagram [106] 
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Figure 2-8 Fe-Cr phase diagram [106] 
 
Figure 2-9 Fe-Ni phase diagram [106] 
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The phase diagrams are used for determining the phase generated under 
certain temperatures and cooling rates. The binary equilibrium phase 
diagrams are the most widely used ones which still need further combined 
analysis to determine the actual phase. A quaternary equilibrium phase 
diagram for system Fe-Cr-Ni-C was developed by SGTE FactSage, which 
gives essential information in one diagram, shown in Figure 2-10 [107]. 
 
Figure 2-10 Fe-Cr-Ni-C phase diagram [107] 
 
In the SLM process, thermal transport in liquid and solid phases controls the 
solidification processes, and therefore impacts the microstructure and 
mechanical properties of the SLM parts [108]. It has been shown that 
temperature gradient and heat transfer conditions determine the cooling rate, 
grain growth and the microstructural formation [109]. Therefore, changing the 
processing parameters in the SLM process would affect the final 
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microstructure and mechanical properties. Microstructural characterisation 
was investigated in correlation to the changes of the SLM processing 
parameters, to quantify the effect of these factors [27, 109-111].  
  
2.4 Heat transfer in the powder bed 
2.4.1 Thermal conductivity 
Selective Laser Melting techniques require the correct amount of energy at 
the right place and at the right time to ensure successful processing. The 
thermal mapping of the process influences the melt pool behaviour and 
further the microstructure of the parts. Therefore the energy delivery 
determines the final mechanical properties such as strength, hardness, 
elongation, impact strength, fatigue behaviour and accuracy. Thermal 
properties of the raw material such as thermal conductivity and specific heat 
capacity can be used to explain and evaluate the melt area distribution as 
well as the underlying solid layer and neighbouring particles that can be 
melted or re-melted by heat conduction. 
Thermal conductivity influences the heat transfer in the SLM process. 
Usually, the heat flows via conduction down thermal gradients according to 
Fourier’s theory of heat transfer. However, the thermal properties of the 
powders are not the same as bulk materials as they are not homogenous. 
The powder’s thermal conductivity depends on the number of contacts made 
between powder particles with more contacts equating to an improved 
conductivity [69]. It is reported that heat is conducted almost exclusively within 
the highly conductive particles, to the core of particles [112]. And when the 
temperature within the particle becomes homogenous, the heat conducts into 
other conductive particles. The value of thermal conductivity changes 
significantly with the material phase and temperature. The conductivity of 
metals generally increases with increasing temperature [113].  
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On the powder bed, laser radiation can pass through the gaps between 
particles and generate multiple reflections [112]. Therefore, although the heat 
conducts away from the centre of laser beam, the powder bed can reduce 
the temperature gradient further. Heat distribution in the powder bed is 
shown in Figure 2-11.  
 
Figure 2-11 Heat distribution in the powder bed 
 
2.4.2 Melting energy 
The energy required to melt a particle can be given by Equation (2.11) [101], 
which is based on the energy required to melt material equation. 
      (       )  
 
 
    
                                (2.11) 
Where ∆H is the energy required, ρ is the density, Vp is the volume, rp is the 
radius, and Cp is the specific heat capacity of the particle. ∆T is the 
temperature difference between ambient and material melting temperature, 
Lf is latent heat of fusion and E is melt energy. 
According to the equation, pre-heating the powder can reduce the required 
melt energy due to the reduction of ∆T. However, this effect is very small. 
Elsen found that the reduction in melt energy required for melting stainless 
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steel powder with a pre-heating temperature 500°C on the powder bed was 
just 22% compared with no pre-heating used [81]. 
 
2.4.3 Residual stresses 
It is important to investigate the thermal stresses developed in the SLM 
process which can cause unsuccessful manufacturing. In SLM, large heat 
intensities are generated rapidly within a small area; due to non-uniform 
heating, variable cooling and repetitive heating cycles, a steep thermal 
gradient can be developed across the powder bed. This thermal gradient 
induces stresses that can cause shrinkage, solidification cracks and layer 
delamination [101]. Cooled parts manufactured by SLM contain residual stress 
that can reduce their fatigue strength [7]. 
Residual stresses are stresses that remain after the original cause of the 
stresses has been removed. They remain along a cross section of the 
component, even without the external cause. In SLM processes, residual 
stresses occur because of the heat from the melting process. This can cause 
localised expansion, which is taken up by either the molten metal or the 
placement of parts being melted. When the laser moves away, areas cool 
and contract more than others, leaving residual stresses. 
Residual stresses can reduce the performance or cause failure of 
manufactured parts. They may increase the rate of damage by fatigue, creep 
or environmental degradation [114]. Residual stresses can also cause elastic 
deformation and cracks in the parts during post-processing by machining 
[115].There are many ways to reduce residual stresses today, and it is 
believed that post-heating treatment, re-scanning each layer by laser and 
pre-heating the powder bed can reduce residual stresses effectively [116]. 
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2.4.4 Thermal shrinkage 
Shrinkage occurs when material cools and contracts, which often leads to 
unacceptable dimensional loss and stresses. It can affect the part 
microstructure and final mechanical properties, causing many important 
stability problems.  
In the SLM process, the level of shrinkage can vary due to different materials 
used, melting condition and process parameters used [117]. The methods that 
can control or reduce the shrinkage include reducing the laser beam spot 
size [24], pre-heating the powder bed [24] and using a near zero shrinkage 
powder [112].  Also, by using correct process parameters, shrinkage due to 
the liquid phase can be completely compensated by an expansion of the 
material caused by the diffusion of the component, so that the final parts may 
have no net volume changes [4, 118]. 
Solidification cracks and layer delamination may occur due to the thermal 
shrinkage strain during the cooling and solidification procedure [91]. Cracks 
usually happen along grain boundaries or interfaces between different 
materials. Reducing the thermal shrinkage or thermal residual stresses can 
help to avoid solidification cracks and layer delamination during the SLM 
process. 
 
2.5 Heat Transfer Modelling in Selective Laser Melting 
Mathematical models can be used to gain insight into SLM. A reliable and 
accurate prediction of the temperature distribution can be useful for further 
SLM investigation.  
Heat conduction simulation can also help to investigate the melting efficiency. 
It is useful to apply the simulation results on energy reduction to avoid over-
heating. During the SLM process, the end of each hatch and also in the last 
few scans, the part may have already been preheated due to the thermal 
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conduction. The process parameters can be adapted to compensate for the 
heat accumulation, which is in fact a recuperation of already used heat [55].  
Previous numerical solutions on laser processing work focused on the input 
heat source development for the temperature distribution prediction. Goldak 
introduced a 3D moving heat source which is used widely in both welding 
and laser processing areas [119]. The building medium for the input heat 
source applied onto has also been developed to fit the powder bed in the 
solutions on laser sintering and laser melting [120]. Contacts conductivity was 
introduced for simulation the powder bed thermal properties [120, 121]. 
 
2.5.1 Heat transfer theory on general laser processing work 
Heat transfer is the transition of thermal energy from a hotter object to a 
cooler object. It always occurs from a higher temperature object to a cooler 
temperature one as described by the second law of thermodynamics [122]. As 
long as there is a temperature difference between objects, heat transfer can 
never be stopped; it can only be slowed. Heat can be transferred by 
conduction, convection or radiation. Although usually more than one of these 
processes occurs in a given situation, heat radiation and conduction are 
major heat flow in laser processing work. 
As laser processing is usually a fast heating process, the heat flow by 
conduction is relatively confined and represents an approximately constant 
fraction of the delivered power. So it is possible to use lumped heat capacity 
calculations for prediction purpose [54]. The models used in prediction of heat 
flow should solve Fourier’s Law of heat conduction, which is given by 
Equation (2.12), where q is the local heat flux and k is material’s thermal 
conductivity, T is the temperature. Fourier’s law states that the time rate of 
heat transfer through a material is proportional to the negative gradient in the 
temperature and to the area, at right angles to that gradient, through which 
the heat is flowing [123]. It is a rate equation that allows determination of the 
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conduction heat flux from knowledge of the temperature distribution in a 
medium. 
    
  
  
                                                    (2.12) 
When heat flows through an element, the heat balance can be written as, 
                                                         (2.13) 
The difference between the heat in and the heat out depends on the total 
conduction in all three dimensions, which can be given by Equation (2.14). 
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]                            (2.14) 
Heat accumulated can be given by Equation (2.15), where ρ is density and 
Cp is specific heat capacity. 
                    
  
  
                                     (2.15) 
Heat generated can be given by Equation (2.16), H is the amount of the heat 
flow. 
                                                          (2.16) 
Thus the basic equation in heat flow modelling can be given by Equation 
(2.17). This is the 3D extension of Fourier’s second law. 
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2.5.2 Previous solutions of laser processing simulations 
Numerical solutions were developed to simulate moving laser heat source 
working on different mediums. A series of heat source geometries and 
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profiles were developed to present the moving laser. Typical solutions are 
listed below. 
Moving point source in a medium of infinite thickness is one of the 
earliest analytic solutions applicable to similar melting process such as 
welding [124]. This solution simulates surface melt and can be rendered finite 
in depth and width by using the method of images. However, it is not 
accurate in the region where the point source is incident, as the temperature 
there would be infinite. 
Moving line source in an infinite or semi-infinite material is developed 
from one dimensional solution [124]. An infinite line source with its axis 
perpendicular to the top and bottom surfaces extends through the depth of 
material. This two dimensional solution can simulate full penetration melting 
of the sheet with any thickness. It is still has the problem that it leads to 
infinite temperatures at the source. 
Continuous Gaussian surface source in an infinite solid material is 
another solution based on point and line source solutions. A steady state 
temperature distribution due to a stationary Gaussian beam in a semi-infinite 
medium has been studied [125], and a three dimensional solution for a moving 
elliptical Gaussian heat source has been presented [126].  
Periodic moving point and line source solutions for a medium of semi-
infinite thickness are solutions for the temperature field in infinite area and 
semi-infinite thickness [127]. They are based on the solutions for combined 
point and line source [128] and for a medium of finite thickness [129].  
Moving heat source in a semi-infinite medium is a three dimensional 
solution developed recently for studying different heat source geometries [55]. 
The model is based on the previous moving point source and semi-ellipsoidal 
source solutions, and has been used on studying the melting efficiency and 
the effects of latent heat.   
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2.5.3 Input heat source development for laser processing work 
Heat transfer modelling work has been successfully used in the field of laser 
processing of materials to aid successful fabrication of part. Much of the 
previous work has been concerned with the solution of the heat conduction 
equations [130-132]. The heat sources used have been point sources, line 
sources and plane sources as they are amenable to direct analytical solution.  
If the heat is liberated at the rate of Ø(t)ρCp per unit time from t=0 to t=t’ is 
constant and equal to q, we have: 
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where r is radial distance from point source, T0 is environment temperature, 
α is thermal diffusivity, and q is the heat flux.  
When    , 
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where P is the point source power, k is the thermal conductivity and Equation 
(2.19) is the analytical solution of stationary point heat source. 
In 1946, Rosenthal developed the analytical solution for a moving point heat 
source [124], the Equation is shown below: 
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where u is the constant moving speed in the same direction of x, x is the axis 
of movement.  
The Rosenthal solution is suitable to predict the temperature distribution at a 
large distance from the source. However, the solution loses accuracy when 
near the heat source as the predicted temperature there tends to infinity [55]. 
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To overcome this problem, 2D and 3D heat sources have been introduced 
[119, 133].  
2D Gaussian heat source is the Gaussian distribution extension of point 
source based on the laser intensity equation. From Equation (2.7), solution of 
stationary Gaussian distribution source can be obtained by solutions below: 
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where D=2w0 – beam diameter, other definitions of the symbols can be found 
in section 2.2.1. 
Expanding the Rosenthal solution using a Gaussian distribution, the solution 
of a moving Gaussian distribution heat source can be obtained: 
     ∫     
    
    
  
    
 
    (   )
 
 
∫
   (    )
 
 
  (    )    
 
 
 
   [ 
(     )    
  (    )    
  
  
  (    )
]          (2.22) 
Goldak introduced a 3D moving heat source with a Gaussian distribution 
inside a double-ellipsoidal volume [119], shown in Figure 2-12. 
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Figure 2-12 Schematic model for Goldak heat source [134] 
 
The model gives a Gaussian distribution and has features of power and 
energy density distribution control in the melting pool and heat affected zone. 
It has been widely used in heat transfer modelling as it has the properties 
close to a real laser beam spot.  
The heat distribution in a moving frame can be calculated with the Equation 
(2.23) and (2.24) [134]. 
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where Q is the total heat input (watts), η is the thermal efficiency. The 
factors ff and fr denote the fraction of the heat deposited in the front and rear 
quadrant respectively. The af, b, c and ar are source constant parameters 
that define the size and shape of the ellipses. 
Nguyen at al. used this 3D heat source to develop models in a semi-infinite 
body and predict the melting pool geometry in laser welding [135, 136]. A recent 
research in laser process modelling about moving heat source indicated that 
in order to achieve a reliable estimate of the peak temperature or an estimate 
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of the thermal gradient near the spot, a suitable choice of heat source is 
necessary [55]. 
 
2.5.4 Powder bed studies for the thermal properties 
The choice of modelling body is also important for thermal mapping 
prediction. As most previous works in heat flow modelling were focused on 
particular problems, i.e. shrinkage investigation or thin wall investigation, 2D 
body like single line or single layer were widely used. The most developed 
model used in laser melting is in a semi-infinite body or a thick plate [135, 136].  
Unlike bulk materials, a non-homogeneous powder bed causes difficulties in 
investigating heat transfer processes due to a variety of heat conduction 
mechanisms. Previous theoretical models studied the effective heat 
conductivity of granular material were mainly based on the generalized 
conductivity principle [137]. It is believed that the conductivity of a continuous 
medium is greater than that of a dispersed one [138].  
A uniform bulk medium with linear thermal properties was used to describe 
the powder bed until Maxwell started to look at non-continuous states [139]. 
Recent research to simulate the powder bed has considered the gas filling of 
the pores [140, 141], and the contacts between particles [120, 121]. In contacts 
between particles, a contact radius   is introduced, and the effective contact 
conductivity, λe, of simple equal overlapped spheres, shown in Figure 2-13 
can be calculated using the Reimann-Weber equation [121]: 
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Where λ is the thermal conductivity of bulk material and R is the radius of the 
sphere. 
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Figure 2-13 Contact radius between two spherical particles with the same 
radius R 
 
Considering that small particles can fill in the gaps between big particles, a 
close-packed structure, shown in Figure 2-14 was used to describe the 
relative powder bed structure, and gives an effective thermal conductivity of 
    √  
 
 
. 
 
Figure 2-14 Close-packed structure of particles 
 
There are also models on studying the effects of geometrical and physical 
characteristics of the powder on heat transfer. They provide good agreement 
with experimental data when the process is governed mainly by conduction 
at high temperatures. At low temperatures the process is mainly limited by 
heat transport through contact spots, and the predictions of the models are in 
less agreement with experiments due to the lack of information on the 
powder structure [141].  
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A thin layer of uniform powder bed solution was developed for studying the 
laser energy absorption and heat transfer [142]. Gusarov did further study on 
the structure of the powder and believed that the thermal conductivity in the 
powder bed is highly affected by the particles shape, size and their 
arrangement. The results from this model have a good agreement with 
experiments but are limited to deep powder bed as well as non-uniform 
powder bed. 
 
2.5.5 Previous modelling works for the SLM process 
The modelling of the SLM process and the related SLS technique, for both 
metal and polymer, are widely reported in the literature. Computer modelling 
of heat and mass transfer in the SLM process can help to predict the 
temperature field, and to choose the optimal laser energy input to achieve 
desirable microstructure and quality of manufactured parts [91]. In order to 
optimise the SLM process and to avoid unwanted defects, there is an 
increasing interest in understanding the process dynamics of laser melting , 
especially the mechanisms of defect formation.  
For describing the process dynamics of SLM, a simulation model should 
include energy input, medium material properties as well as relevant 
boundary conditions. The input heat source development for the SLM 
process has been discussed in section 2.5.2 and 2.5.3. The medium 
development for applying the heat source has been discussed in section 
2.5.2 and 2.5.4. In SLM process, the initial state of the medium material is 
powder; while after melting and solidification, certain areas of the medium 
change to solid, and the effective thermal properties change. Therefore, 
numerical methods were developed to study the powder consolidation 
kinetics and the effect of changing medium states [142-145]. A number of 
models have been proposed for the relationship between powder bed and 
solid thermal conductivities [146, 147]. A finite element model for SLM process 
studied this temperature dependant thermal property, and considered the 
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thermal conductivity of the medium as a field property which is dependent on 
porosity [148].  
A good understanding of the phenomena happened during the SLM process 
is important for controlling the properties of the produced parts. Simulations 
of heat transfer in the laser-powder interaction zone have been applied to 
predict the temperature field as well as the laser radiation transfer into the 
powder bed [142, 143, and 149-152]. Models are also used for predicting the melting 
efficiency and the melt pool size [55, 144 and 153]. Some models focused on 
predicting the defects formation, such as balling, shrinkage and evaporation 
during the SLM process [144, 153 and 154]. The heat transfer models in the SLM 
process also studied the masses of the layers and predicted surface 
roughness [155, 156].    
 
2.6 Summary 
The fabrication of fully functional metal parts using SLM process is very 
difficult to control. Although successful fabrication of many metals such as 
steels, nickel alloys, titanium alloys and aluminium alloys have been reported, 
as well as some composite parts like Cu-TiB2 and TiC-Al2O3 
[68]; there are 
still many problems within the part such as high residual stresses, 
solidification cracks, unacceptable surface roughness and dimensional 
accuracy. Also, the SLM process is still not stable and repeatable enough for 
mass production.  
Recently many investigations on SLM have been focused on controlling the 
laser process parameters for obtaining acceptable mechanical properties, 
such as reducing the porosity of the parts. Limited academic work has 
focused on microstructure characterisation and prediction. Research has 
shown that different process control parameters can affect melt pool 
behaviour and the solidification process, but limited in-depth research has 
investigated the relationship between the process parameters and 
microstructure distribution. 
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The majority of academic work on the SLM process has successfully 
connected the laser process parameters to final parts quality. However, little 
work has previously been reported on the basic principles of this process and 
raw material effect on the process and the powder bonding mechanisms. 
This may be attributed to the complex nature of the process, which exhibits 
multiple modes of heat, mass and momentum transfer, and chemical 
reactions [54]. Although some efforts were put in the enhancement of the 
basic knowledge, significant research and development are still required for 
the fabrication of high performance engineering parts with controlled 
microstructure. 
As a laser based fabrication technology, there is a gap of knowledge on 
laser-material interaction history. Due to the powder bed characterisation and 
rapid melting and cooling procedure, it is difficult to quantify the laser energy 
absorption and conduction process as well as the powder bed temperature. 
This also causes a lack of knowledge on temperature distribution history 
during the whole process. 
There are many models studied for heat conduction solutions in laser 
fabrication process. The main drawback of previous models is that the base 
material properties change has not been taken into account. The behaviour 
of molten material is needed to be considered as it can affect the thermal 
conductivity after solidification. A further improvement of the modelling body 
need to be work out to suit this state changing powder bed.  
The reliable and accurate prediction of microstructure forming during the 
process will help to understand more on the basic principles of SLM process, 
give a better idea on the mechanical properties prediction. Microstructure 
prediction of parts fabricated by laser sintering/melting process is a newly 
developed research target which can assist SLM process become more 
controllable. This is the final aim of this research. 
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3 Experimental Research Methods 
 
 
3.1 Introduction 
This chapter describes the equipment, methods and procedures used during 
the experiments carried out in this research. The experimental programme 
has four main parts, which help to understand the SLM process for 
establishing the model for the heat transfer and microstructure prediction, 
characterise and measure the model inputs, and validate the modelling 
results. 
The first part is SLM process understanding and optimisation. Successful 
fabrication of parts requires a comprehensive understanding of the main 
processing control factors. In the SLM process, energy input, build conditions 
and raw material properties are the three leading factors that can affect a 
part’s quality, such as density and mechanical properties. Energy input and 
build conditions are able to be controlled by the equipment. Energy input can 
be studied by characterising the optical scanning system, and the SLM scan 
strategy. Parts need to be built under different energy inputs and then tested 
to identify the relationship between processing factors and SLM part 
properties. Environmental factors such as bed temperature, protection gas 
and gas flow need to be considered as well. 
The second part is raw material characterisation. The powder material used 
in the SLM process is machine independent, which is not controlled by the 
SLM equipment. The effect of shape and size distribution of the raw material 
used in the SLM process on the quality of built parts is worthy of investigation, 
because the powder bed’s density and thermal properties can change due to 
different particle shape and size distribution. This will affect the laser-powder 
bed interaction and laser radiation. Powders used in the SLM process are 
normally recycled and reused, and may face degradation after long process 
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periods; therefore raw material sustainability in the SLM process requires 
study. 
The third part is model input characterisation. To establish a heat transfer 
model for predicting the microstructure and mechanical properties of SLM 
parts, reliable and accurate model inputs need to be examined and 
measured. These inputs include geometry used in the model, material 
properties, loads and boundary conditions. Relevant experiments should be 
carried out to obtain these values for the modelling work. Due to non-
continuous, non-homogeneous specificity of powder bed, its material 
properties are not available from the literature, and cannot be measured 
using direct methods either. Specific design of measurement methods need 
to be worked out.   
The fourth part is microstructure examination. The aim of the heat transfer 
model is to predict the thermal history and microstructure generation during 
the SLM process. Therefore experimental microstructure examination needs 
to be carried out as a validation procedure for the modelling prediction work. 
  
3.2 Selective laser melting equipment 
Samples were built using a commercial Selective Laser Melting workstation 
‘MCP SLM-Realizer 100’ developed by MCP-HEK Tooling GmbH, shown in 
Figure 3-1. It contains a central control system, a main computer with 
monitor for the operating software, a control computer which controls the 
build process, a process chamber and a monitor displaying the current 
parameters and measurement value. 
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Figure 3-1 MCP SLM-Realizer 100 
 
3.2.1 Optical scanning system 
The MCP SLM 100 was equipped with a Continuous Wave Ytterbium fibre 
laser made by IPG® Photonics, which has central emission wavelength in the 
range of 1.07-1.09µm, a TEM00 Gaussian profile and 50 Watts output power 
[157]. An adjustable beam expander is also equipped on the laser beam path 
for adjusting the focused laser spot size on the top surface of the building 
area. The scanning system includes a dual axis mirror positioning system 
and a galvanometer optical scanner provided by Cambridge Technology, 
which directs the laser beam in the X and Y axis. The focusing component is 
a 120mm F-Theta focal length lens, which produces a focused laser beam 
with a spot size from 30µm to 300µm [158]. A schematic optics system is 
shown in Figure 3-2. 
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Figure 3-2 Optics system inside MCP SLM-Realizer 100 
 
3.2.2 Building chamber 
Figure 3-3 shows the components in the main process chamber. The 
maximum part build area is (Ø x Z) 125 x 70mm [158]. It needs two screws to 
hold the building substrate on the building table. The metal powder is 
deposited via a hopper, which has a capacity of 0.5 litres and five Ø2mm 
holes allowing the powder to flow out. A 0.64 litre expander has been added 
to the hopper to hold more powder for high builds or large part. The metallic 
powder is spread by a delivery blade, and the gap between the blade bottom 
and the top surface of the powder bed should be adjusted to the layer 
thickness in the building process, to make sure the first layer has the same 
amount of the powder as other layers. The speed of the delivery blade can 
be controlled by the operating software. There is a “super air knife” using 
Argon inside the process chamber to partition and protect the build area from 
oxidation during the building process. Compressed Argon flows from five 
holes set on the right side of the chamber. The gas flows across the building 
area, to a filter on the left of the chamber through two holes. 
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Figure 3-3 Process chamber in MCP SLM-Realizer 100 
 
3.2.3 Machine operating software 
The structural information of the desired part is generated using a CAD 
program, which is produced independently of the machine and requires 
conversion to a .STL file. The supports which are used to hold the part to 
stop deformations can be generated by Magics™, a well-established AM 
software package provided by Materialise. To build the parts, further process 
and machine-specific operations are necessary in addition to the three 
dimensional data. The whole building process is controlled using a control 
software, ‘Realizer’, provided by Realizer GmbH, which controls all process 
parameters and machine operations. The Realizer operating window is 
shown in Figure 3-4.  
 54 
 
Figure 3-4 Operating software in MCP SLM-Realizer 100 
 
3.2.4 Process control parameters file 
An adjustable material file containing all the controllable process parameter 
data is used in Realizer [158], shown in Figure 3-5, Figure 3-6 and Figure 3-7. 
The main aim of processing parameters optimisation is to set a reliable 
material file to get desirable part quality. In the material file, controllable 
process parameters include laser power, laser lens focus position, layer 
thickness, scanning speed (obtained by point distance/exposure time), 
scanning strategy, and scan overlapping (hatch distance and hatch offset); 
descriptions can be found in Section 2.3.3. They control the parameters for 
internal solid hatch scan, outside contour and boundary scan, part’s support 
scan and skin scan. Skin scan is the re-melting process for the last layer to 
improve the surface quality. Supports are needed when some areas of the 
part deform because the powder bed cannot hold the solid part, or when 
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some areas of the part start curving due to the thermal stresses. Energy 
input for support scan should be lower than internal solid hatch scan for easy 
removal after the builds. 
Figure 3-5 shows the sentences controlling the point distance for different 
scans. The same format is used for controlling the other parameters such as 
laser power, lens focus position, exposure time, etc.  
 
Figure 3-5 Material file description Part 1, point distance setting for different 
scans 
 
Figure 3-6 shows the sentences for editing major controllable parameters, 
including layer thickness, laser power and lens focus position, scanning 
speed and scanning strategy.  
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Figure 3-6 Material file description part 2, major controllable parameters 
settings 
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Figure 3-7 shows the sentences controlling the scanning strategy and scan 
overlapping. 
 
Figure 3-7 Material file description part 3, scan strategy control 
 
By adjusting all the controllable process parameters in the material file, the 
SLM process can be optimised to get desirable part quality. 
 
3.3 SLM Process Understanding and Optimisation 
3.3.1 Optical scanning system examination 
The optical scanning system provides two key factors which affect the SLM 
process energy input – laser power and focus position. A study on laser 
profiles helps to gain better understanding on how to control these two 
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factors. Laser profiles usually include laser working mode, power and beam 
profile.  
The laser working mode which includes whether the laser operates in pulse 
or continuous mode can be tested using an oscilloscope, Teledyne LeCroy 
Wavejet 324A, to detect the laser firing signal. The results of the recorded 
signal can also show if there is any delay when setting the laser on and off. 
Laser power can be measured by a laser power meter which contains a 
detector and a handheld reading device. The beam profile can be examined 
by a camera based laser beam profiler. The beam profiler can also measure 
the laser beam diameters on the building substrate.  
According to the solution of laser energy density in Equation (2.9), laser 
beam diameter affects the energy intensity delivered to the powder bed. 
Different lens focus position settings by the machine in SLM process will 
introduce different laser beam diameters in the build area. To obtain high 
laser energy intensity, the laser should be focused on the surface of the 
powder bed, where the narrowest beam width can be found.  
The relationship between laser energy intensity and machine controllable 
laser focus position setting requires investigation before building parts. It can 
be done by measuring the laser beam diameter using either a beam profiler 
or firing the laser to the laser sensitive paper. 3M™ Laser Markable Label 
can be used for checking these issues by scanned in single line. It is a 
specialty film label material that can be imaged by the laser beam, with dual 
layers of acrylate. The top layer is 10µm matte black acrylate which is 
engineered to be ablated by a laser beam, and the base layer is 50µm white 
acrylate which is not sensitive to the beam in comparison with the top layer 
[159]. When firing the laser on it, the laser beam can generate a shape, as 
shown in Figure 3-8, and the experimental results can be obtained by 
observing the brightness and measuring the width of bright parts through an 
optical microscope.  
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Figure 3-8 Laser mark on the laser markable label 
 
Laser effect on SLM build quality 
Based on the laser beam diameter measurement results, samples should be 
built to find out the relationship between laser power or lens focus position 
and the SLM part’s density. Density was measured by cross sectioning the 
sample, and examining the porosity using an optical microscope and image 
processing software Adobe Photoshop. The influence of optical scanning 
system to the SLM process can be significant. It is necessary to find out the 
proper value for these two factors, and it is the first step in processing 
parameters optimisation. 
Building area variation study 
The use of an F-theta lens in the SLM process provides a flat field at the 
image plane of the scan, delivering the laser beam vertically to the powder 
bed. Depending on the quality of F-theta lens, the laser energy density 
delivered may be not uniform throughout the whole build area, with higher 
energy density in the centre and lower energy density at the edge. Also, due 
to the incidence angle, the laser beam spot shape can change from a circle 
in the centre to an ellipse at the edge of the building area, which will reduce 
the built part’s size accuracy.   
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Therefore, a building area variation study needs to be developed. Samples 
can be built on a series of concentric circles. Even if the laser energy 
delivered in the whole build area is not the same, it should be uniform within 
a circle when the centre of the building area is the centre of the circle. At 
least four specimens should be built in each circle to avoid any error in 
examination. Building parameters and conditions can be found in Chapter 5. 
Physical and mechanical properties of each specimen are checked and 
compared to study the variation. Specimens’ dimensions were measured 
using vernier caliper; density was checked by examining the cross sections 
and ultimate tensile strength (UTS) was measured using Instron 3369.  
 
3.3.2 Process scanning strategy study 
Process scanning strategy includes laser scanning speed, hatch distance, 
layer thickness, hatch type, and build direction. The processing parameters 
and conditions for building the samples for process scanning strategy study 
can be found in Chapter 5. 
Scanning speed 
Scanning speed is another key factor in laser energy density determination. 
High scanning speed can reduce the whole build time, but can cause poor 
material properties of the built parts. Based on optical scanning system 
studies, selected laser scanning speeds were used on studying the effect on 
built samples’ physical and mechanical properties. Tensile test specimens 
were built as both density and tensile strength were tested.   
Hatch distance 
The hatch distance can be determined based on a thin wall study. Thin walls 
can be built by scanning a single line at constant position on each layer. A 
minimum value of thin wall thickness is required for a hatch distance study. 
In 3D builds, a scan overlap of 20%-50% is common [4, 26]. Therefore, the 
hatch distance should be 50%-80% of minimum thin wall thickness. Thin 
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walls were built based on the laser scanning parameters study. After thin wall 
thickness values were obtained, cubic blocks were built based on the thin 
wall processing parameters to study the effect of hatch distance on built 
parts density.   
Layer thickness 
Layer thickness can affect the built part’s density and side surface finish. It is 
determined firstly by the powder particle size distribution. To spread powder 
uniformly on the powder bed, the layer thickness should not be less than the 
majority of particle sizes. But under certain powder delivering speed, using 
larger layer thickness may cause powder shortage problem on the building 
area. Also, thicker layers need more energy input compared with thinner 
layers; which means under the same laser energy intensity input, it is easier 
to melt thinner layer and form fully dense part.  
The melt pool in the build process has a shape of half-ellipsoid, shown in 
Figure 3-9. Thinner layer thickness increases the overlapping between two 
layers, and can reduce the sawtooth effect caused by ellipsoid shape at the 
boundary.  Smaller layer thickness will help to reduce the side surface 
roughness. Therefore, determining layer thickness should follow two basic 
rules: no less than the majority of particle sizes; choose thinner layer rather 
than thicker layer.   
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Figure 3-9 Microstructure of part shows melting pool shape in vertical view 
 
Re-melting study 
A re-melting process can reduce the top most layer surface roughness by 
replacing the top melted layer with a more homogeneous one and releasing 
residual stresses [160]. The process parameters used in the re-melting 
process is important as it can affect the final part quality. Through 
observation of the SLM process, it is found in previous practise that using a 
larger laser spot size during a re-melting process helped to reduce the 
roughness. Therefore, the experiment for studying the re-melting effect was 
carried out by controlling lens position to the value when the laser was out of 
focus on the top surface of the powder bed; other process parameters for re-
melting process stayed same. Surface roughness was measured by Talylor 
Hobson Form Talysurf 50, a bench-top mechanical surface form profilometer. 
Building direction 
In a SLM process, parts are fabricated in an additive manner, layer by layer. 
Between two layer scans, the delivery blade needs to move to deliver the 
powder uniformly on the powder bed. The delay of scan causes the previous 
layer to cool, and the bond between two layers may become weaker 
X 
Z 
 63 
compared with other build directions. To study this building direction effect, 
tensile test specimens were built on both X direction (in parallel with gas flow 
direction) and Z direction (perpendicular with powder bed surface) using the 
same processing parameters. Tensile strength was compared using Instron 
3369. 
 
3.3.3 Building conditions investigation 
Processing environment 
During the SLM process, the process chamber needs to be filled with a 
protective gas during the whole building process. Oxygen levels within the 
chamber can be detected by an oxygen sensor set inside the processing 
chamber, and should stay below 0.3% during the whole process [81]. Usually, 
argon is used as the protecting gas as it is an inert gas and heavier than air. 
To maintain the accuracy of detected oxygen level, the oxygen sensor 
should be maintained on a regular basis.   
Gas flow effect 
During the SLM process, there is gas flowing across the building area. It may 
cause the parts built on the near flow side of the building substrate to cool 
faster than the parts built on the other side. Also, due to the circulation path 
inside the processing chamber, parts built in the front side of the building 
platform may cool quicker than the parts built in the back side. To understand 
the variation caused by the gas flow, an advanced experiment based on the 
optical scanning system building area variation study was designed. The 
building platform was divided into four main areas: left back, left front, right 
back and right front. Specimens with the same processing parameters were 
built in the four areas. These specimens were also built in the same circles 
for a reliable comparison with previous results. Building parameters and 
conditions can be found in Chapter 5. 
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Pre-heating study 
A pre-heat treatment can be applied to the build substrate during the building 
process. Since the maximum pre-heating temperature provided by the SLM 
system used in the study is not high compared with the most metal melting 
temperature. It may or may not improve the part’s density, surface finishing 
and size accuracy due to the reduced thermal gradients and shrinkage. To 
study the pre-heating effect on the built part’s quality, tensile test specimens 
were built using 250⁰C pre-heating during the whole building process, and a 
further group of specimens were built without pre-heating at the same 
positions on the building platform with all the processing parameters 
remaining constant. Density and tensile strength were tested and compared. 
 
3.4 Raw material characterisation 
3.4.1 Material used in the study 
Stainless steel 316L was processed in the whole study. It is a low carbon 
version of Austenite stainless steel. It has 16-18.5% chromium (Cr) content 
with 10-14% nickel (Ni) and 2-3% molybdenum (Mo) additions for corrosion 
resistance [161]. The presence of Cr resists corrosion by forming a thin but 
highly tenacious layer of chromium (III) oxide (Cr2O3) when exposed to 
oxygen. It is impervious to water and air, protecting the metal beneath; and 
also can quickly reform when the surface is scratched. 
When processing austenitic stainless steel, a major problem can be caused 
by carbon which is known as sensitisation effect should be considered. 
Sensitisation of metals involves the creation of galvanic corrosion cells within 
the microstructure of an alloy. When austenite stainless steel is processed, if 
it is heated to a critical temperature range 425-870°C, carbon can precipitate 
out at grain boundaries reacting with Cr [162] and form Chromium Carbides, 
due to the high temperature produced by the melting process. This will 
reduce the Cr concentration which is necessary for corrosion resistance. The 
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“L” in 316L means that the carbon content of this stainless steel is below 
0.03%, and this will reduce the sensitisation effect [162]. 
Two sets of gas atomised Stainless Steel 316L powders obtained from two 
suppliers, Sandvik Osprey Ltd and LPW Technology Ltd were used in the 
study. These were chosen for their similar chemical composition, data 
provided by the suppliers, shown in Table 3-1, but different particle size 
distribution, as measured by the suppliers. Supplier data indicated that 
Sandvik Osprey (SO) particle size was in the range 0-45µm and LPW 
Technology (LPW) in the range 15-45µm. Actual particle size distribution was 
measured by Malvern Mastersizer 2000 before using the powder, results are 
shown in Chapter 6. 
Brand Fe Cr Ni Mo Mn Si P S C 
Osprey 69.613 16.3 10.3 2.1 1.21 0.41 0.031 0.016 0.020 
LPW 69.512 16.5 10.1 2.06 1.30 0.47 0.028 0.007 0.023 
Table 3-1 Chemical composition provided by suppliers (unit: wt%) 
 
3.4.2 Storage and preparation 
All the raw materials should have a proper storage condition to protect them 
from being mixed or destroyed. The main storage method is using the 
original package with different labels outside describing the current states, 
shown in Figure 3-10. All the powder which is not going to be processed in 
the next 24 hours should be stored inside the package.  
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Figure 3-10 Store package for the powder used in the study 
 
Before SLM processing, the powder should be sieved through a 75µm sieve 
to avoid any dust, hair, damaged or large particles affecting the part’s quality. 
Water content in the powder can be measured by A&D MS-70 moisture 
analyser. Based on a series measurements and powder flow testing, to 
obtain enough flowability for the powder flowing out from the hopper, the 
powder should be warmed to reduce the water content to less than 0.01%. 
The powder being processed in the next 24 hours can be left inside the oven 
with special tray and warning card describing the powder states, shown in 
Figure 3-11. 
 
Figure 3-11 Reduction of moisture and temporary storage 
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3.4.3 Particle shape, size distribution and powder bed density 
Upon receipt, the powders required characterisation by examining the 
particle shape and size distribution. Particle shape was examined by LEO 
440 Scanning Electron Microscope (SEM). The shape of the powder can not 
only affect the packed structure, but also the flowability. Particle size 
distribution was measured using the Malvern Mastersizer 2000 with Scirocco 
dry dispersion accessory, a laser diffraction based particle size analyser. 
Particle size distribution is a key factor in powder characterisation. It has a 
significant effect on powder bed density and fluidity. It also affects the density 
and surface finish of the built parts, layer thickness determination and energy 
input determination. Having a wide range of particle sizes can result in a 
higher packing density as the smaller particles can fill in the gaps between 
larger particles. 
It is necessary to determine the powder bed density during the 
manufacturing process, as the powder bed density can affect the interaction 
between the laser beam and the powder, and also the conduction of the heat 
through the powder bed. Powder bed density is mainly determined by 
particle size distribution of the powder. It can be any value between the 
powder apparent density and tapping density (where the tapping density 
refers to the apparent density of the powder after a specified compaction 
process). During the SLM process, the metallic powder is spread by a 
delivery blade, and the gap between the blade bottom and the top surface of 
the powder bed is the layer thickness in the building process. As the delivery 
blade moves across the powder bed, it may also deliver a pressure on to the 
powder bed increasing the powder bed density. Therefore, a reliable 
measurement method was developed to get a realistic value of powder bed 
density within the SLM 100. 
A container was produced by SLM with internal dimensions of 30mm(X), 
30mm(Y), 30mm(Z), shown in Figure 3-12, with average surface roughness 
Ra less than 20µm on both bottom and sidewall surfaces, measured by 
Talylor Hobson Form Talysurf 50. During the building process, the blade 
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delivers the powder uniformly across the powder bed, but only the container 
is melted, leaving the unaffected powder within the container. Therefore, the 
powder inside the box should have the same density as the powder bed. 
After the build, the powder inside the box was weighed using a scale with an 
accuracy of 0.1mg and the packing density determined. All the dimensions of 
the box were measured again using vernier caliper to avoid any error in the 
calculation. 
 
Figure 3-12 Design of container built for powder bed density measurement 
 
Internal surfaces’ roughness and the curving bottom surface can affect the 
accuracy of the measurement result. To avoid the deformation, the container 
was built directly on the substrate without any supports. To minimise the 
surface roughness effect and other measuring errors, 3 containers was built 
and an average result was obtained. The powder bed density measurement 
result is also required for the heat transfer modelling work, and is discussed 
in chapter 7. 
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3.4.4 Powder flowability measurement 
The powder flowability is a powder characteristic which can affect the particle 
distribution on the powder bed; therefore affecting the melting process, laser 
energy absorption and laser-powder interaction. For SLM, enough powder 
flowability is required to achieve uniform thickness of powder layers, which 
allows uniform laser energy absorption in the processing area. If the powder 
cannot be spread uniformly on the build area, the processing layer cannot 
have a uniform thickness, which will leave the finished layer with a rough 
surface and the next layer rougher. Therefore, when the laser scans across 
the powder bed, the energy cannot be absorbed uniformly, and porosity can 
be created. The highest powder flowability occurs when the powder contains 
a narrow particle size range. However, maximum powder bed density occurs 
when the powder contains a mixture of different sized particles. Therefore, 
for optimum SLM processing, a balance between these two is required. 
To measure the powder flowability during the build process, a simple method 
is developed. Recording the build time for the whole process, measuring the 
weight of powder used during the process, then the flowability by time can be 
calculated. 
Another way to characterise the powder flowability can be achieved by 
calculating the Hausner ratio. The Hausner ratio is a number which is 
correlated to the powder flowability. It is calculated using the equation shown 
below [163]:  
  
  
  
                                                        (3.1) 
Where ρT is the tapped density of powder, and ρA is apparent density of 
powder. A Hausner ratio greater than 1.25 is considered to be an indication 
of poor flowability [163]. Powder apparent and tapped densities were 
measured according to ASTM D7481 to calculate the Hausner ratio. 
 
 70 
3.4.5 Effect of particle size distribution on parts quality 
Powder particle size distribution plays an important role in sintering kinetics 
and powder bed formation [94, 164]. Investigations on the effect of particle size 
and size distribution have been carried out for sintering ceramics [165-167]. 
However, the effect of particle size distribution on laser sintering/melting has 
not been well documented, especially in SLM processes [168, 169]. Also, 
investigations which compare the laser sintering/melting behaviour of 
powders with similar average size, but different size distribution range are 
limited. This is the reason for choosing separate suppliers of powders with 
similar average size but different particle size distribution in this study. 
To study the effect of powder particle size distribution on part quality and 
energy input optimisation, cubic blocks and tensile test specimens were built 
separately using powder supplied by Sandvik Osprey and LPW. Different 
groups of samples were built on the constant position of the building 
substrate, and under the same processing parameters for both brands. 
Building parameters and conditions can be found in Chapter 6. Density, 
ultimate tensile strength (UTS), elongation at break, hardness and surface 
roughness were measured for the comparison. UTS and elongation were 
measured by Instron 3369, surface roughness was measured by Talylor 
Hobson Form Talysurf 50, and hardness was measured using a Rockwell 
hardness testing machine Avery 6402. 
 
3.4.6 Powder sustainability study 
One main advantage of powder based additive manufacturing technology is 
reducing the raw material cost by recycling and reusing the un-
melted/sintered powder. But actually the powder used in the process cannot 
be used indefinitely. There have been reports on polymer degradation 
occurring during the fabrication of objects by selective laser sintering [170, 171], 
and the degradation may happen to metals after a long processing period. 
During the building process, fine particles can be sintered together to form 
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bigger particles, that may break at some point by the inter-friction between 
particles. Therefore, after several builds, the particle shape and size 
distribution may change. 
An example of a possible powder degradation phenomenon was found under 
SEM examination after the stainless steel 316L powder had been used for 
more than one year, shown in Figure 3-13. The particle started to peel off the 
outside skin, and can cause the powder stop flowing due to the increased 
powder inter-friction. This appearance may be caused by the friction between 
particles, the friction between powder and delivery blade or sieve, break 
between sintered particles, or the laser-powder interaction. The appearance 
of this degradation phenomenon was the reason for the powder sustainability 
study. 
 
Figure 3-13 Powder degradation after one year processing, a) and b) are 
showing different particles with same degradation 
 
A powder sustainability monitoring study was developed to investigate the 
life time of the raw material used in the SLM process until degradation. 15kg 
of stainless steel 316L powder provided by LPW technology as well as 15kg 
of stainless steel 316L powder provided by Sandvik Osprey technology were 
used in the study, and never mixed with any other powder. The powders 
were processed from their virgin states, and for both general build and 
experiment uses. The total build time was recorded when using the 
monitored powder. After a certain amount of build time, the sample powder 
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was taken out from the whole batch for examining the particle shape and 
size distribution. At the same time, tensile test specimens were built to 
examine the tensile strength (UTS) and surface roughness. All the specimen 
builds used the same processing parameters on the constant position of the 
building substrate. Due to the research time limitation, the total powder 
sustainability monitoring study time was 800 hours for LPW powder, and 300 
hours for Sandvik Osprey powder.  
A further examination on the particle microstructure was carried out by using 
Electron backscatter diffraction (EBSD), which is a microstructural-
crystallographic technique used to examine the crystallographic orientation of 
metals. The equipment used was FEI Nova 600 Nanolab Dual Beam system. 
Powders supplied by LPW technology in both virgin and 800 hours 
processed states were examined by EBSD. 
 
3.5 Model inputs characterisation 
Reliable and accurate model inputs are key factors to gain accurate results 
from finite element models. These inputs include the geometry used in the 
model, material properties, loads and boundary conditions. Geometry and 
boundary conditions are described in Chapter 7; loads which are the input 
laser energy are discussed in section 3.3; material properties are measured 
during experimental programme described in this section. 
For a heat transfer analysis only model, three material properties – density, 
thermal conductivity and specific heat capacity are required. In contrast to a 
solid medium, powder bed properties cannot be obtained directly from the 
literature or handbook, and can be affected by particle shape and size 
distribution. Therefore, experimental measurements were designed to gain 
these properties of the powder used during the SLM process.  
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3.5.1 Powder bed density 
Powder bed density was measured by the method in section 3.4.3. 
 
3.5.2 Thermal conductivity  
Thermal conductivity can be measured by the Thermal Conductivity 
Apparatus Model P5687 supplied by Cussons Technology Ltd. This 
apparatus is designed for the determination of coefficient of thermal 
conductivity for both good conductors and thin specimens of insulators. The 
solid samples should follow the dimensions shown in Figure 3-14 to fit inside 
the apparatus [172]. 
 
Figure 3-14 Sample dimensions for thermal conductivity apparatus 
 
To measure the powder bed thermal conductivity, a sealed container with the 
same dimensions in Figure 3-14 should be used. To maintain the same 
density in the container as the actual powder bed density, the method used 
in section 3.4.3 was repeated. The container was produced by SLM with 
external dimensions of Ø25mm x 38mm (Z). 
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The container was built with 1mm thick top and bottom lid, and a series of 
sidewall thicknesses, which were 1mm, 1.5mm, 2mm, 2.5mm and 3mm. 
Using this container in the apparatus, the measured thermal conductivity is a 
consolidated result of solid sidewall and internal powder. To clear away the 
effect of solid sidewall from the measurement, different sidewall thickness of 
the containers were built, and the results were analysed by a linear function. 
The temperature measurement range of the thermal conductivity apparatus 
is 0-300°C [172], which is much lower than the stainless steel 316L’s melting 
temperature around 1400°C. Since the thermal conductivity of the stainless 
steel 316L is temperature dependent, the measurement results obtained 
from the experiment cannot be used in the modelling work directly. The 
conductivity at higher temperature should be calculated by the solution for 
solid stainless steel temperature dependent thermal conductivity, Equation 
(3.2), which can also be used for the powder bed [107]: 
                                                          (3.2)  
where k is the thermal conductivity, T is the temperature, a and b are 
constant numbers. The values of a and b for the powder bed can be 
calculated based on the measurement results in section 7.2.2. 
 
3.5.3 Specific heat capacity 
The specific heat capacity of the powder bed can be determined by using 
Differential Scanning Calorimetry (DSC). Specific heat capacity thermal 
curves, which shows heat flow as function of temperature can be obtained. 
Using the data from the curves, the specific heat capacity can be calculated 
by the Equation (3.3) [173]: 
  ( )  
  
  ⁄
     ⁄
                                                 (3.3) 
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Where 
  
  ⁄  is measured differential heat input, 
  
  ⁄  is temperature 
scanning rate, and m is mass of sample.  
Due to limited access to a DSC for metallic materials with wider temperature 
range, a Shimadzu DSC-60 with temperature range -150 to 600°C, heat flow 
range ±40mW was used for measuring the specific heat capacity thermal 
curves. It requires a DSC pan with 5mm in diameter for powder samples, and 
the density of powder inside the pan could not be the same as the actual 
powder bed density during the SLM process. An estimate of the volume of 
powder inside the DSC pan was calculated based on the post-sealing 
container shape. Therefore the relative weight of the powder in the DSC pan 
can be calculated by the measured powder bed density and the estimate 
volume, and this is the weight of the powder should be in the DSC pan.  The 
powder weight was measured using Mettler Toledo AL 204, a high precision 
laboratory balance with readable display of 0.0001g and a weighing range of 
up to 210g, an accuracy of 0.1mg. With this calculated amount of powder set 
inside the DSC pan, the measurement result may not be strictly accurate due 
to the estimate volume, but provides an indication of likely value.  
The specific heat capacity of the stainless steel 316L is also temperature 
dependent, and therefore the measurement should not be used in the 
modelling work directly either. It should be calculated by the solution for solid 
stainless steel temperature dependent specific heat capacity, Equation (3.4), 
which can also be used for the powder bed [107]: 
    
                                                    (3.4) 
where Cp is the specific heat capacity, T is the temperature, a’, b’ and c’ are 
constant numbers. The values of a’, b’ and c’ for the powder bed can be 
calculated based on the measurement results in section 7.2.3. 
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3.6 Microstructure examination 
The microstructure of the SLM parts strongly influences their physical and 
mechanical properties. The examination of the microstructure can help 
understand the effect of the laser beam on the powder bed and the melting 
pool behaviour during the SLM build. 
To examine the microstructure of the SLM parts under Nikon Optiphot optical 
microscope and LEO 440 SEM, the samples were cut, polished and etched 
based on the practice standard ASTM E407. Thin wall samples were 
selected for checking the phase, grain size and grain growth direction under 
single laser moving track on each layer. Since the laser tracks started and 
ended in the same position and moved in the same direction on each layer 
for building thin wall in SLM process, it was possible to examine a whole 
layer in one horizontal view. Also choosing thin walls rather than cubic blocks 
allowed clear details discovered in both horizontal and vertical directions by 
removing the scan overlap effect. 
FEI Nova 600 Nanolab Dual Beam EBSD used in powder sustainability study 
was also used to investigate the phase, grain size and grain growth direction 
of the SLM thin wall parts. It detected the crystallographic orientation which 
can be used on phase identification, and also showed clear grain boundaries. 
The information given by EBSD can be a supplement to optical microscopy 
and SEM examination.  
 
3.7 Summary 
Experiments were carried out to gain better understanding on the main 
factors which affect the SLM process. This knowledge helps to optimise the 
SLM manufacturing process and control the final part’s quality.  
Firstly, the equipment controllable SLM processing parameters were 
investigated. The optical scanning system was examined to find the 
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relationship between the input laser energy density and the manufactured 
part’s physical and mechanical properties. Then different process scanning 
strategies were studied and their effects on the manufactured part’s quality 
were investigated experimentally. Building conditions were studied to gain 
the knowledge of their influence on the melting process. 
After studying the main SLM process parameters, an experimental 
programme continued to investigate the raw material’s effect on SLM build 
quality. As base materials used in the manufacture process, the powders’ 
performance when they are spread and placed on the laser processing area 
can impact the laser melting process and the final part’s quality. The 
powder’s particle shape and size distribution, powder bed density, powder 
flowability and sustainability were investigated for their effect on SLM parts 
quality.  
Material properties needed in the simulation work, especially the density and 
thermal properties of the powder bed were experimentally measured for use 
in the heat transfer model. Particular measurement experiments were 
designed and relevant calculations were used to obtain reliable values. 
Finally, the microstructure of the built parts was examined experimentally by 
optical microscope, SEM and EBSD. Results obtained in this experiment 
process gave better understanding of the laser melting process, and also 
were used to validate the prediction from the heat transfer model. 
These experiments enable to understand the key factors which affect the 
SLM process and final parts quality. This helps to obtain an idea on which 
process parameter needs to be considered and involved in the modelling 
work. The experimental programmes also provide the correct model inputs 
for a reliable and accurate simulation, as well as the validation for the 
prediction from the heat transfer model. These are the main contributions to 
this research. 
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4 Finite Element Modelling Methods 
 
 
4.1 Introduction 
The effect of the main SLM processing parameters on the manufactured 
part’s quality can be investigated from experiments. By controlling these 
parameters, the whole SLM process can be optimised. However, key factors 
which describe and determine the melting process such as the melting pool 
behaviour and thermal history on the powder bed are not easy to be 
measured and investigated from an experimental programme. A reliable 
analysis model can simulate the melting process, predict essential 
behaviours during the manufacturing, and therefore give in-depth knowledge 
of the SLM process for better control.  This chapter describes the methods to 
establish a heat transfer analysis model for simulating the laser melting 
process and predicting the temperature distribution and part’s microstructure 
in the SLM process.  
Compared with analytical models, finite element model establishment 
requires more efforts on the inputs and model structure study, and can 
provide accurate and detailed results for further analysis. The heat transfer 
model in the study was established in ABAQUS/CAE v6.9-6.11 which is a 
software application used for both the modelling and analysis of mechanical 
components and visualizing the finite element analysis result. It was 
developed and released by Dassault Systèmes as a main component of 
brand SIMULIA™.  
A complete finite element model for heat transfer analysis establishment 
should contain model inputs characterisation, meshing method selection, 
geometry, material properties, heat source and boundary conditions 
application, heat transfer analysis, and post-processing if needed. Therefore, 
the methods for establishing and developing the model include 5 main steps. 
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Step 1 is to characterise and determine the geometry and the boundary 
conditions used in the model, followed by step 2 meshing method and choice 
of elements. Step 3 is to apply the moving heat source to the model. A 
moving heat source will need to include the shape, energy input and velocity 
of the laser beam. Step 4 is to apply the states variable material properties to 
develop and adjust the model for the powder bed. The states of the material 
used in the SLM process may experience changes when the temperature 
increases or decreases, and this state change should be accounted for in the 
model. Step 5 is multi-layer model establishment, which is a further step to 
develop the model into a 3D analysis, and simulate the layer by layer manner 
of the SLM process.  
An overall methodology for the SLM process heat transfer modelling is 
shown in Figure 4-1. The flowchart shows the main working order for the 
models developed in step 4 and 5.   
 
Figure 4-1 Overall methodology of the heat transfer model 
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4.2 Geometry and boundary conditions 
In the MCP SLM-100, the maximum building volume filled by the powder 
during the SLM process is (Ø x Z) 125 x 70mm [158]. The width of melting 
pool generated by the laser track would have similar dimension to the 
thickness of thin walls built in SLM process, and normally the value was 
between 0.15-0.3mm. Considering the size comparison between the whole 
building volume in the SLM process (125 x 70mm) and the heat affected 
zone generated by laser scanning (width around 0.15-0.3mm), the heat 
affected zone is much smaller than the whole building volume. Therefore, the 
dimensions of the analysis zone used in the model should be relative to the 
dimensions of the heat affected zone to obtain temperature results for further 
analysis. The geometry used in the heat transfer model can be a regular 
shaped cuboid which is standard and simple but still appropriate for the heat 
transfer analysis of the SLM process. To avoid complicating the whole model 
by generating a non-homogeneous and non-continuous powder bed, the 
powder bed was approximated using a solid bed with powder properties, i.e. 
powder bed density, thermal properties, etc.   
The boundary conditions of a heat transfer model analysis involve two main 
situations: constant temperature and continuous heat conduction. Predefined 
fields such as the initial temperature and interaction such as environment 
temperature, surface radiation and surface film condition can also be defined 
as boundary conditions.  The geometry used in the finite element model is a 
regular shaped cuboid, with each surface having different boundary 
conditions, shown in Figure 4-2. 
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Figure 4-2 Boundary conditions for each cuboid surface 
 
The top surface is a forced convection surface with argon gas flows across 
the building area. The typical equation for calculating the forced convection 
heat transfer is Newton’s Law of Cooling, and the convection heat transfer 
coefficient which determines the calculation is required for the heat transfer 
model. The convection heat transfer coefficient is dependent on the type of 
media, the flow properties such as velocity, viscosity and other flow and 
temperature dependent properties [174]. These correlations are usually 
expressed in terms of dimensionless numbers. The dimensionless numbers 
used for forced convection heat transfer coefficients are Nusselt number (Nu), 
Prandtl number (Pr) and Reynolds number (Re) [175]. Definitions of these 
numbers are shown in Equation (4.1), (4.2) and (4.3). 
   
  
 
                                                     (4.1) 
   
 
 
 
   
 
                                                (4.2) 
   
   
 
                                                    (4.3) 
where h is the heat transfer coefficient, k is the thermal conductivity of the 
fluid, D is the characteristic length parameter, µ is the viscosity of the fluid, 
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Cp is the heat capacity of the fluid, V is the velocity of the fluid and ρ is the 
density of the fluid. Since the heat transfer coefficient, h, appears in the 
Nusselt number, so the correlations are typically in the form of an equation 
for Nu in terms of Re and Pr [175].  
The forced convection in the SLM process can be described as a fluid 
flowing parallel to a flat surface and Blasius similarity solution for a laminar 
flow can be used [176], which gives the correlation shown in Equation (4.4). 
   
  
 
          ⁄     ⁄                                      (4.4) 
Experimentally, the flow rate of the protective argon gas was determined by 
reading the gas flow meter during the SLM process. The reading was 
repeated 4 times to avoid any reading error. 
The four side surfaces are continuous heat conduction surfaces with the 
same thermal properties as the powder bed.  
The bottom surface is a constant temperature boundary when pre-heating 
applied to the build substrate during the SLM process. With no pre-heating 
applied to the build substrate, the bottom surface is a conduction surface as 
the heat will transfer from the powder bed to the solid build substrate. During 
the SLM process, the build substrate goes down when the layers of powder 
increase. The substrate leaves the building chamber and enters into a zone 
where it is affected by the MCP SLM 100 equipment working temperature.  
This action may change the temperature of the substrate, and affect the 
conduction state for the bottom surface. Therefore, the temperature of the 
substrate needs to be monitored, and its influence on the bottom surface 
boundary conditions needs to be quantified. Thermal-couples are equipped 
under the build substrate and the temperature can be read through the SLM 
100 control software, shown in Figure 4-3. Build chamber temperature (the 
environment temperature) can also be read in the same process properties 
information window. These temperature readings were checked on a regular 
frequency – every 30 minutes during the whole SLM process, and 
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calculations were carried out using Fourier’s Law (Equation 2.12) to obtain 
the heat affected depth into the build substrate, shown in chapter 7 section 
7.3.2. If the heat affected depth compared with the thickness of build 
substrate is relative small, then the effect of equipment working temperature 
can be ignored, and the bottom surface of the modelling cuboid is a 
conduction surface where heat transfers from the powder bed to the solid 
build substrate.   
 
Figure 4-3 Process properties during the SLM process 
Temperature of build substrate 
bottom surface 
Chamber temperature  
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4.3 Meshing methodology and choice of elements 
Meshing of the analysis zone can be a challenge due to the balance between 
modelling results accuracy and analysis time. A number of meshing methods 
are available in ABAQUS/CAE based on the geometric region and material 
properties applied. Since the geometry used in the heat transfer modelling 
was a regular shape cuboid with unique powder bed properties applied to it, 
a standard continuous mesh was chosen. 
Two seeding methods were considered, one with constant distance between 
seeds throughout the whole analysis region, the other one with graded 
distance between seeds starting from the laser material interaction point/line 
to the edge of the analysis region. Graded distance seeding methods are 
useful when the heat concentrates in one area and generates a high 
temperature gradient in that area. However, a constant distance seeding 
method is more appropriate if the heat concentration area’s size varies. The 
temperature in the melting zone can be significantly higher than the edge of 
heat affected zone, but the size of the melting zone varies due to the heat 
input parameters. Also, considering the material states changes during the 
process and multiple layers analysis needs, seeds with constant distance 
throughout the whole analysis region were used. 
ABAQUS/CAE provides different element shapes which can be used in 
meshing the part, shown in Figure 4-4 [177]. Element shape needs to be 
carefully selected to obtain reliable and accurate results, at the same time 
avoiding long calculation and analysis time. Mesh size dependency needs to 
be checked and analysed. Smaller meshes provide greater resolution and 
increase the results accuracy, but also increases the calculation time. 
Therefore, a balance between mesh size and results accuracy needs to be 
studied. 
Element type selection was carried out by applying a point heat source on a 
two dimensional square region (5x5mm) with solid stainless steel 316L 
material properties. All types of two dimensional element provided by 
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ABAQUS/CAE were studied. Modelling results were compared with the 
Rosenthal solution on a stationary point heat source, shown in Equation (4.5). 
     
 
    
                                               (4.5) 
Where T0 is the environment temperature, P is the point heat source 
power, k is the thermal conductivity of the medium and r is the radial 
distance from the point source. 
 
Figure 4-4 Element types provided by ABAQUS/CAE [177] 
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4.3.1 Two dimensional Tri 3 
Tri 3 is a 3-node linear heat transfer triangle. Different Tri 3 element sizes 
(resolution 2x2, 4x4, 8x8 and 16x16) in a two dimensional part, which has a 
point heat source applied in the left down corner, have been studied, shown 
in Figure 4-5. 
 
Figure 4-5 Tri 3 element size study, figure a) to d) are heat flux results, figure 
e) to h) are temperature results at different mesh sizes 
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4.3.2 Two dimensional Tri 6 
Tri 6 is a 6-node quadratic heat transfer triangle based on Tri 3. It can create 
higher accuracy than Tri 3 but also increasing the calculation time. Study of 
Tri 6 is shown in Figure 4-6. 
 
Figure 4-6 Tri 6 element size study, figure a) to d) are heat flux results, figure 
e) to h) are temperature results at different mesh sizes 
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4.3.3 Two dimensional Quad 4 
Quad 4 is a 4-node linear heat transfer quadrilateral. It is widely used in 
Finite Element modelling due to its high accuracy, but less calculation time 
compared with Tri 3, Tri 6 and Quad 8. Study of Quad 4 is shown in Figure 4-
7. 
 
Figure 4-7 Quad 4 element size study, figure a) to d) are heat flux results, 
figure e) to h) are temperature results at different mesh sizes 
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4.3.4 Two dimensional Quad 8 
Quad 8 is an 8-node quadratic heat transfer quadrilateral. Using this mesh 
type will have higher accuracy, but longer calculation time. Study of Quad 8 
is shown in Figure 4-8. 
 
Figure 4-8 Quad 8 element size study, figure a) to d) are heat flux results, 
figure e) to h) are temperature results at different mesh sizes 
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4.3.5 Element type and results accuracy 
Temperature results of the nodes for different element types and sizes were 
plotted in Figure 4-9. Temperature distribution obtained from Rosenthal 
solution was also plotted for a comparison.  
 
a) Temperature distribution for different element types, resolution 2x2 
 
b) Temperature distribution for different element types, resolution 4x4 
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c) Temperature distribution for different element types, resolution 8x8 
 
d) Temperature distribution for different element types, resolution 16x16 
Figure 4-9 Compare different element type and size for result accuracy 
examination 
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Although Tri 6 and Quad 8 element type delivered the temperature results 
closer to the Rosenthal solution than Tri 3 and Quad 4 element type, 
negative values of the temperature were found which broke the heat 
conduction rule and was not acceptable. Using Tri 3 and Quad 4 element 
type needs higher resolution to get more accurate result. In resolution 2x2 
and 4x4, Tri 3 delivered the results closer to the Rosenthal solution; while in 
resolution 8x8 and 16x16, Quad 4 is closer. Also, using Quad 4 mesh type 
needs less calculation time than the other three types according to the 
ABAQUS record. Therefore Quad 4 was chosen for two dimensional element 
type, and related to three dimensional modelling, Hex 8 element type was 
chosen. To obtain accurate results from the model working, relevant high 
resolution meshing methods was used, with each element size of 0.025mm. 
This size was chosen based on the layer thickness used in the experiment.   
 
4.4 Moving heat source application 
The load used in the heat transfer modelling is the input heat source, which 
contains input heat or power, shape and moving speed of the heat source. 
Input power and shape of the laser can be measured by the methods used in 
section 3.2.1, and moving speed can be defined by the user.  
ABAQUS/CAE provides three default defined heat sources, which are 
concentrated (point) heat flux, surface heat flux and body heat flux. All 
default heat sources have a uniform distribution, which is not applicable to a 
moving laser.  
To describe complex distribution and moving heat source, a user subroutine 
DFLUX (Defined Heat Flux) was written in FORTRAN. The DFLUX program 
contained DFLUX interface, user defined moving speed with initial 
coordinates and processing coordinates, input heat and user defined heat 
distribution. In all three dimensional modelling works in this thesis, a Goldak 
body heat source was used. The description and solution of the Goldak heat 
source can be found in section 2.5.3. 
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DFLUX subroutine presents the moving heat source is shown below: 
DFLUX(FLUX,SOL,JSTEP,JINC,TIME,NOEL,NPT,COORDS,JLTYP,TEMP,
PRESS,SNAME) 
      INCLUDE 'ABA_PARAM.INC' 
      parameter(one=1.d0) 
      DIMENSION COORDS(3),FLUX(2),TIME(2) 
      CHARACTER*80 SNAME 
 q=5000 
 v=0.2 
 d=v*TIME(2) 
 x=COORDS(1) 
 y=COORDS(2) 
 z=COORDS(3) 
 x0=0 
 y0=0 
 z0=0.05 
 a=0.0028 
 b=0.0034 
 c=0.0032 
 PI=3.1415 
 heat=6*sqrt(3.0)*q/(a*b*c*PI*sqrt(PI)) 
 shape=exp(-3*(x-x0)**2/c**2-3*(y-y0-d)**2/a**2-3*(z-z0)**2/b**2) 
 JLTYP=1 
 if (JSTEP. eq. one) then 
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      FLUX(1)=heat*shape 
      endif 
      RETURN 
      END 
An initial model for a moving heat source application was established on a 
solid material state medium. It helped to analyse the laser processing 
parameters rather than material properties in the SLM process, and obtain 
reliable results related to the experiments. The moving speeds of the heat 
source were 150mm/s, 200mm/s, 250mm/s and 300mm/s, set the same as 
in the experiments. The energy of heat source was calculated based on a 
laser power of 50W with relevant beam diameter. Considering the laser 
energy absorption, a measured coefficient of 67% [53] was used. 
 
4.5 States variable material properties study 
In the SLM process, the powder melted by the laser will transfer to the solid 
when the laser moves away and the melt region cools. So during the whole 
process, three material states – powder, liquid and solid exist, and need to 
be considered for the heat transfer modelling. There are significant 
differences of physical and thermal properties between powder and solid 
material, which affect the analysis results. To have a reliable and accurate 
model, material properties would need to be updated to reflect the state 
(powder, liquid and solid) at that point (element) in space and time.  
To define states variable material properties, user subroutine UMAT (User 
Defined Material Property) was written in FORTRAN. The overall structure of 
the UMAT file is shown in Figure 4-10. 
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Figure 4-10 UMAT structure for states variable material properties 
 
A model for the moving heat source applied on states variable material 
properties medium was established. Another two models for moving heat 
source applied on solid material state medium and powder state medium 
were also established as comparisons. The heat input for all three models 
were the same, which were the moving speeds of the heat source of 
250mm/s, laser power of 50W with a beam diameter of 0.03mm. Considering 
the laser energy absorption, a measured coefficient 67% [53] was used. The 
boundary conditions for all three models were kept constant. Results for the 
comparisons can be found in chapter 8. 
 
4.6 Multi-layers model establishment 
A Multi-layer model was established based on the single layer modelling 
results. In the SLM process, after laser scanning of the current layer 
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completes, powder within the melting zone transfers to solid, while powders 
outside the melting zone remain in the same state. When the next powder 
layer is delivered to the build area, the analysis zone should a have top layer 
applied on states variable material properties, part of the underneath layer 
applied on states variable material properties, and part of the underneath 
layer applied on solid material properties.  The area of solid material region 
can be obtained from the previous layer analysis. A schematic of multi-layers 
model establishment is shown in Figure 4-11. 
 
Figure 4-11 Schematic for establishing multi-layers model 
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4.7 Summary 
FEA heat transfer models were established to simulate the laser melting 
process and predict the melting pool behaviour, temperature distribution on 
the powder bed and part’s microstructure in the SLM process. The results 
obtained from the modelling work provided in-depth knowledge for 
manufacturing parameters optimisation and part’s quality control.  
A regular shaped cuboid was selected for the geometry used in the model. It 
was a full solid geometry with powder properties applied to simulate the 
powder bed. 
Different types of boundary conditions were investigated and applied to each 
side of the cuboid. The top surface was a forced convection surface, while 
the four side surfaces were continuous heat conduction surfaces with the 
same thermal properties as the powder bed. The bottom surface could be a 
constant temperature boundary or a conduction surface depending on if pre-
heating was applied.  
A meshing method was discussed as it was important for a FEA model. 
Constant distance between seeds was selected for seeding the whole 
geometry. Element type Quad 4 was chosen for 2D geometry, and Hex 8 
was chosen for 3D geometry.  
A moving heat source applied to the model was defined by the DFLUX 
subroutine, which contained the shape, energy input and velocity of the laser 
beam, to simulate the laser scanning process. The material properties of the 
model were states variables to reflect the material state changes during the 
build. This states variable was defined by a UMAT subroutine. 
A multi-layer model was established as a further step to develop the model 
into 3D analysis, and simulate the layer by layer manner of the SLM process.  
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5 Results & Discussions - SLM 
Process Control Parameters 
 
 
5.1 Introduction 
This chapter presents the results and analysis from first part of the 
experimental programme – SLM process understanding and optimisation. 
The overall experiment method for this part was described in section 3.3. 
The results of the energy input study are presented and analysed in the next 
section, followed by the build condition investigation and discussion.  
In the energy input study section, experiments were carried out on examining 
the optical scanning system and comparing different scanning strategies. 
Samples were built and tested with these controllable process parameters to 
study their influence. Trends for each process factor’s effect on the built parts’ 
physical and mechanical properties are obtained and discussed.  
In the build conditions study section, the processing environment was 
investigated and discussed. The results show the effects of gas flow in the 
processing chamber and pre-heating applied to the build substrate on the 
built parts’ physical and mechanical properties. There are also results that 
present the issues happened during the melting process when improper 
energy input was delivered and when the equipment failed to detect the right 
oxygen level in the chamber. These results were analysed and possible 
reasons are discussed. 
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5.2 Energy input study 
5.2.1 Laser profiles examination 
The laser working mode was tested using an oscilloscope, Teledyne LeCroy 
Wavejet 324A. A stable and continuous signal with constant power was 
detected during the testing, which indicated that the laser used in MCP SLM 
100 worked on a continuous mode.  
The laser power was tested under static mode and scanning mode. Five 
different laser output powers 10W, 20W, 30W, 40W, 50W (1A, 2A, 3A, 4A, 
5A) were set for static mode, and three of the most often used different 
scanning speeds 150mm/s, 200mm/s, 250mm/s all under a constant power 
output of 50W (5A) were set during the scanning mode. Results are shown in 
Table 5-1 and Table 5-2. The detected power was stable under both static 
mode and scanning mode.  
Output power setting Detected power Constant value or change 
10W 7.2W Constant 
20W 17.6W Constant 
30W 27.8W Constant 
40W 37.9W Constant 
50W 47.5W Constant 
Table 5-1 Laser power detected under static mode 
Scanning speed Output power setting Detected power 
150mm/s 50W 46.8~48.7W 
200mm/s 50W 46.5~49.4W 
250mm/s 50W 46.7~49.3W 
Table 5-2 Laser power detected under scanning mode 
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The laser beam profile was examined by setting the laser in the static mode 
and firing the laser only. To avoid damage to the detector, a maximum power 
of 25W was set according to the beam profiler user manual. Due to the 
characteristic of the laser, the beam width was wider when increasing the 
power to 50W, which is the power used in the experiments for building 
samples in this research. Based on the Gaussian solution, equation (2.5) to 
equation (2.7), proportional relation between the power P and the beam 
width w0 is shown in equation (5.1). Therefore, the beam width at 50W can 
be calculated based on the beam width result measured at 25W. 
     
                                                       (5.1) 
The measurement results were obtained and processed by BeamStar 
software, provided by Ophir Optronics™. Results from setting the power 
outputs at 25W, lens focus position 14.50mm are shown in Figure 5-1. A 
commonly used definition of the beam diameter is the width at which the 
beam intensity has fallen to 1/e² (13.5%) of its peak value [178]. This is 
derived from the propagation of a Gaussian beam and is appropriate for 
lasers operating in the fundamental TEM00 mode or closely 
[179].  Another 
common definition of the beam diameter is the full width at half-maximum 
(FWHM) diameter, which the beam intensity has fallen to 50% of its peak 
value [180]. A problem with this type of definition is that the result does not 
depend on how quickly the intensity decays in the wings of its intensity profile 
[178,181]. Therefore, 13.5% of peak was used for defining the beam diameter in 
this research. The laser used in MCP SLM 100 has a relatively standard 
Gaussian TEM00 distribution, with beam diameter around 0.03mm when 
setting lens focus position at 14.50mm. 
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Figure 5-1 Laser beam profile under 25W power, 14.50mm lens focus position 
 
5.2.2 Laser focus position and energy intensity study 
In the MCP SLM-Realizer 100, the laser beam diameter on the top surface of 
the powder bed can be controlled by changing the distance between two 
lenses inside the beam expander.  Modifying the distance between two 
lenses can change the output laser beam width from the beam expander. 
When the laser beam reaches the focusing lens, a different beam width has 
different focus position, then the laser beam delivered on the top of the 
powder bed has a different diameter. A process parameter named “lens 
position” in the material file which controls the distance between lenses of 
the adjustable beam expander. 
Lens position values were adjusted from 13.80mm to 14.90mm under static 
output laser power 25W for beam profile measurement. Typical results are 
shown in Figure 5-2, Figure 5-3 and Figure 5-4. 
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Figure 5-2 Laser beam profile under 25W power, 14.00mm lens focus position 
 
 
Figure 5-3 Laser beam profile under 25W power, 14.30mm lens focus position 
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Figure 5-4 Laser beam profile under 25W power, 14.80mm lens focus position 
 
The detected beam dimensions and power densities showed significant 
differences based on different lens position valued. A peak power density 
154W/cm2 was obtained when setting the lens position at 14.50mm, while 
the narrowest beam width 0.026mm-0.028mm was achieved when setting 
the lens position at 14.40mm and 14.50mm under the power of 25W. The 
measurement results indicate that the laser focused on the top surface of the 
powder bed when setting the lens position at 14.50mm. 
Suggested by MCP engineer, to find the lens position value for focusing the 
laser beam on the top of the build surface, 3M™ Laser Markable Label was 
ablated by the laser beam under lens position values from 13.70mm to 
15.70mm, as shown in Figure 5-5. Due to temperature sensitivity of the top 
layer of the laser paper, a very low laser power of 5W was used in the 
experiments. After scanning, the laser paper with all the marks on it was 
examined under an optical microscope. It was observed and measured that 
using value 14.50mm resulted a brightest and narrowest bright section 
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compared with others, as shown in Figure 5-6, which has agreement with the 
beam profiler measurement results. 
 
Figure 5-5 Firing laser onto laser markable label under different lens position 
value 
 
 
Figure 5-6 Marks on the laser paper under optical microscope, same 
magnification for all three images  
 
Based on the results in Figure 5-6, 3 sets of eight 10mm cuboid blocks were 
built using lens position values of 14.10mm, 14.20mm, 14.30mm, 14.40mm, 
14.50mm, 14.60mm 14.70mm and 14.80mm to find the highest density. The 
laser equipped in the MCP SLM-Realizer 100 has the maximum power of 
50W, which is not a high power used in SLM process compared with other 
commercial equipment. Therefore, during the process parameters 
optimisation study, the output laser was always set to 50W. All other 
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processing parameters were kept the same in the lens position study, such 
as scanning speed of 200mm/s, solid hatch distance of 0.08mm, layer 
thickness of 0.05mm, single scan per layer and no pre-heating process. 
Stainless steel 316L virgin powder supplied by LPW technology Ltd was 
used to build samples. The average measured density for each lens position 
value is shown in Table 5-3. 
Lens 
position 
14.10 
mm 
14.20 
mm 
14.30 
mm 
14.40 
mm 
14.50 
mm 
14.60 
mm 
14.70 
mm 
14.80 
mm 
Density 
96.72% 
±0.28 
97.98% 
±0.47 
99.02% 
±0.25 
99.87% 
±0.19 
99.93% 
±0.22 
99.18% 
±0.3 
98.63% 
±0.33 
97.59% 
±0.45 
Table 5-3 Average density of samples built under different lens positions 
 
Density was measured by cross sectioning the sample, and examining the 
porosity using an optical microscope and image processing software Adobe 
Photoshop CS4. The maximum density was obtained when the lens position 
value was 14.50mm. From beam profile measurement results, a lens position 
value of 14.50mm shows a laser focused on the top surface of the powder 
bed. When the laser is focused on the powder bed, the delivered energy to 
the powder bed is at its highest due to the narrowest beam width. High laser 
energy helps to fully melt the powder along the laser scanning track, 
therefore very few stainless steel 316L particles can remain unmelted.  When 
the laser is out of focus, the delivered energy decreases even if the power 
remains constant. Lower energy input decreases the built part's density as 
the energy delivered to the powder bed cannot generate enough heat to fully 
melt all the particles. The trend observed from Table 5-3 shows agreement 
with the beam diameter measurements, while narrowest beam width 
presents the highest part’s density and the density decreases when the 
beam becomes wider, i.e. out of focus.  
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5.2.3 Building area variation 
During the build area variation study, round tensile test specimens with a 
gauge length of 16mm and neck diameter of 4mm, designed according to 
ASTM E8-09 were built as a set of concentric circles with radius 18mm, 
36mm and 54mm, as shown in Figure 5-7. Four specimens were built in 
each circle to avoid any error in examination. Stainless steel 316L virgin 
powder supplied by LPW technology Ltd was used to build the samples. The 
main processing parameters include laser power of 50W, lens position of 
14.50mm, scanning speed of 150mm/s, solid hatch distance of 0.08mm, 
layer thickness of 0.05mm, single scan per layer and no pre-heating process. 
Gauge area diameter, density and tensile strength of each specimen were 
tested and compared to study the variation. Tensile strength (UTS) at break 
was tested using Instron 3369. 
 
Figure 5-7 Top view of building area variation study orientation 
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Results from the build area variation study experiment are shown in Table 5-
4 (Gauge area diameter), Table 5-5 (Density) and Table 5-6 (Tensile 
strength). 
Position No.1 
(back) 
No.2 
(right) 
No.3 
(front) 
No.4   
(left) 
Average 
Centre 4.03mm - - - - 
18mm circle 4.03mm 4.03mm 4.03mm 4.03mm 4.03mm 
36mm circle 4.03mm 4.03mm 4.03mm 4.02mm 4.03mm 
54mm circle 4.03mm 4.04mm 4.03mm 4.03mm 4.03mm 
Table 5-4 Measured gauge area diameter of specimens 
 
The measured gauge area diameters stay close for all 13 specimens. The 
average value is 4.03mm, with a standard deviation of 0.004mm. The 
variation for the built part’s size is 0.1% and can be ignored. It indicates that 
there is no effect of the laser incidence angle, and the laser spot shape on 
the top surface of the powder bed stays nominally circular. 
Position No.1 
(back) 
No.2 
(right) 
No.3 
(front) 
No.4   
(left) 
Average 
Centre 99.1% - - - - 
18mm circle 99.1% 99.0% 99.1% 98.8% 99.0% 
36mm circle 98.6% 99.6% 99.3% 98.8% 99.1% 
54mm circle 99.2% 99.5% 99.3% 98.7% 99.2% 
Table 5-5 Measured density of specimens 
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The measured density varies among all 13 specimens. It also varies between 
4 specimens in the same circle. This can be caused by the density 
measurement method error, and is difficult to avoid. The average value was 
99.1%, with the standard deviation of 0.3%. The density result here was 
lower than the ones in Table 5-3, and was mainly caused by the focal 
position change in the machine. The variation for the built part’s density is 
relatively low. Therefore, the energy intensity delivered to the powder bed 
does not vary throughout the whole building area.  
Position No.1 
(back) 
No.2 
(right) 
No.3 
(front) 
No.4   
(left) 
Average 
Centre 672.4MPa - - - - 
18mm circle 672.7MPa 672.2MPa 676.1MPa 672.3MPa 673.3MPa 
36mm circle 668.5MPa 677.8MPa 675.1MPa 672.4MPa 673.4MPa 
54mm circle 672.9MPa 675.3MPa 673.3MPa 670.7MPa 673.1MPa 
Table 5-6 Tensile strength (UTS) of specimens 
 
The average value of tensile strength (UTS) at break is 673.2MPa, with the 
standard deviation of 2.4MPa. The variation of tensile strength is minimal, 
which proves that the laser energy delivered to the powder bed does not vary 
significantly throughout the whole building area.  
A statistical hypothesis test, one-sample t-test, was performed in Microsoft 
Excel 2010 to study the significance level of the UTS results variation. The 
analysis results show a t statistic value of 0.0115, which is smaller than the t 
critical value of 1.7823. Also the p-value is 0.4955, which is larger than the 
common significance level 0.05 [182]. Therefore, the data analysis showed the 
variation of the UTS results was not significant at a significance level of 5%. 
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All the measurement results indicate that the F-theta lens equipped inside 
MCP SLM-Realizer 100 works well to provide a flat field at the image plane 
of scan, and deliver the laser energy uniformly to the powder bed throughout 
the whole building area. 
 
5.2.4 Scanning speed 
Four different scanning speeds of 150mm/s, 200mm/s, 250mm/s and 
300mm/s were used on processing the stainless steel 316L virgin powder 
supplied by Sandvik Osprey Ltd. Flat tensile test specimens with a gauge 
length of 25mm and thickness of 3mm, designed according to ASTM E8-09, 
were built in parallel with gas flow direction to examine the density and 
tensile strength (UTS), shown in Figure 5-8.  
 
Figure 5-8 Tensile test specimens built in parallel with gas flow direction 
 
In each group, 6 specimens were built on the constant position using the 
same processing parameters. All groups were built using the same 
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processing parameters except for scanning speed. The main processing 
parameters include laser power of 50W, lens position of 14.50mm, solid 
hatch distance of 0.08mm, layer thickness of 0.05mm, single scan per layer 
and no pre-heating process. In the material file which controls the machine 
processing parameters, scanning speed is obtained by point distance divided 
by exposure time. In this study, point distance was kept constant, and 
exposure time was varied. 
Figure 5-9 shows the cross section images of specimens built by four 
scanning speeds and Table 5-7 shows the average density value. Generally, 
density increases while decreasing the scanning speed. There is a significant 
increase in density from 250mm/s (98.54%) to 200mm/s (99.65%). According 
to the solution of laser energy density, a decrease in scanning speed can 
increase the energy input per unit, which enables higher temperature created 
and more powder melted. Using faster scanning speed decreases the melt 
pool’s width and depth due to the shorter interaction time [4], and generates a 
smaller heat affect zone while more particles remain unmelted.  
There is a small drop in density from 200mm/s to 150mm/s with even more 
energy delivered on the powder bed. This can be caused by small particles 
vaporising during the laser-powder interaction process due to the high 
energy intensity [71], and leaving small pores inside the part. It can also be 
caused by the balling issue that can occur during the consolidation process. 
Previous work showed that molten powder consolidates more preferentially 
to a spherical structure rather than consolidating into the previous layer when 
decreasing the scanning speed [77]. This indicates that the scanning speed is 
the main factor in determining the balling phenomenon [68]. Therefore even 
though a slow scanning speed generates more heat in the powder bed, it 
may be less helpful on producing fully dense parts in the SLM process.  
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Figure 5-9 Cross sections of parts built by 4 different scanning speeds 
 
Scanning 
speed 
150mm/s 200mm/s 250mm/s 300mm/s 
Average 
density 
99.27% 
±0.36 
99.65% 
±0.19 
98.54% 
±0.25 
98.13% 
±0.38 
Table 5-7 Average densities of parts built by 4 different scanning speeds 
 
Table 5-8 shows the average tensile strength (UTS) and elongation at break 
values with standard deviation. When the density increases, UTS and 
elongation increase relatively; while density decreases, they decrease too. 
All these results show that even high energy density may not create high 
quality part. Therefore, it is important to investigate all the processing 
parameters to obtain suitable energy input, rather than simply delivering high 
energy intensity into the powder bed. 
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Scanning 
speed 
150mm/s 200mm/s 250mm/s 300mm/s 
UTS (MPa) 594.81±3.52 609.59±3.31 564.49±1.91 554.87±2.53 
Elongation 
(%) 
33.04±0.79 36.65±1.90 29.04±1.05 25.53±1.08 
Table 5-8 Tensile strength and elongation at break of parts built by 4 scanning 
speeds 
 
5.2.5 Hatch distance 
The production of thin walls is the initial study for hatch distance 
determination. Different samples were built throughout the control of laser 
scanning speed on processing the stainless steel 316L virgin powder 
supplied by Sandvik Osprey Ltd. The main processing parameters include 
laser power of 50W, lens position of 14.50mm, layer thickness of 0.05mm 
and no pre-heating process. The laser scanning speeds were 158mm/s, 
176m/s, 200mm/s, 230mm/s, 250mm/s, 273mm/s and 300mm/s. 
Built thin wall parts are shown in Figure 5-10, with a length and height of 
10mm. Five samples on each scanning speed were built. Both the density 
and the thickness of the thin wall were measured. Density was measured by 
analysing the light transmittance of the thin wall samples. This method 
allowed a quick examination, but could not detect the closed cell porosity 
generated by particles evaporation. The thickness measurements were taken 
at three heights along each sample. Average measurement results of the 
density and thickness on each scanning speed are shown in Figure 5-11 and 
Figure 5-12. 
As discussed in the last section, the melt powder layer thickness decreases 
while increasing the scanning speed, generating less overlap between layers 
in the Z direction. This can result the porosities between layers that can be 
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observed through light transmission. The thin walls also become thinner with 
high scanning speed applied due to smaller melt pool. 
 
 
Figure 5-10 Thin wall built for hatch distance study 
 
 
Figure 5-11 Measured densities of thin walls by different scanning speeds 
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Figure 5-12 Measured thickness of thin walls by different scanning speeds 
 
A fully dense thin wall with thickness of 0.175mm can be built on MCP SLM-
Realizer 100 based on the processing parameters provided above. A 
minimum thickness of 0.15mm can be used in a joining scan/hatch distance 
study. The hatch distance should be 50%-80% of minimum thin wall 
thickness [4, 26], which are from 0.075mm to 0.12mm. 
Three hatch distance values 0.08mm, 0.1mm and 0.12mm were picked for 
solid hatch distance study on stainless steel 316L virgin powder supplied by 
Sandvik Osprey Ltd. The main processing parameters stayed constant within 
thin wall study, but used a constant laser scanning speed of 200mm/s. Three 
cuboid blocks on each hatch distance were built, and average density results 
are shown in Figure 5-13. 
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Figure 5-13 Average density on different hatch distance 
 
Increasing the hatch distance decreases the melt powder layer thickness as 
less overlap between scan tracks separates the heat affected zone [76]. 
Therefore, hatch distance also controls the energy intensity on the powder 
bed and the size of the heat affected zone. Hatch distance can be involved in 
calculating the laser energy density in the SLM process, which develops 
Equation (2.9) into an area energy density solution showed in Equation (5.2), 
where Dh is the hatch distance. The unit for area energy density stays the 
same, because the unit directions of the laser beam diameter and hatch 
distance are the same.  
   
 
    
 (     )                                             (5.2) 
Results showed that hatch distance affects the built part’s density, but has 
less density control than scanning speed or lens focus position. Increasing 
the hatch distance from 0.08mm to 0.12mm caused 0.18% of a density drop, 
and the average density is still in higher than 99%. To get high density part, 
the value of 0.08mm was used on processing all the stainless steel powder.  
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5.2.6 Re-melting process 
An experiment for studying the re-melting process was carried out by 
increasing the lens position value to 15.00mm to generate a larger laser 
energy affected zone for the re-melting process, and to help reduce the melt 
pool overlap effect on the top surface roughness. The other process 
parameters for skin hatch and processing parameters for inside solid hatch 
stayed constant. Surface roughness was measured by a Talylor Hobson 
Form Talysurf 50. Re-melt of the final layer in the SLM process introduced a 
significant decrease on average surface roughness of the top layer from 
31.563µm to 12.912µm, as shown in Figure 5-14. The two parts shown in 
Figure 5-14 have the same shape, and compared areas are in the same 
position on the building platform. The part on the right was scanned by re-
melting the last solid layer under lens position value of 15.00mm; with the left 
hand part did not have any re-melting scan. Parts were built using stainless 
steel powder provided by Sandvik Osprey Ltd. 
 
Figure 5-14 Top surface improvement through re-melting process, L is the 
original part, R has been re-melted on the top surface 
 
Re-melting the surface of the part was reported as an efficient way to reduce 
the top surface roughness [70]. It is also reported to reduce the residual 
stresses in the top layer [183]. There are also studies on combining the SLM 
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process and laser re-melting to improve the surface quality of outer surfaces 
of the SLM parts, while also improve the inner density of the part [184]. The 
pores formed in between neighbouring melt pools disappear after laser re-
melting each layer generated in the SLM process. The re-melting process 
also improves the current layer’s surface roughness to allow the powder 
deposition more uniform for the next layer. Therefore, it is found that the 
laser re-melting after every layer is a promising method to increase the 
density of the SLM parts and to enhance the surface quality, especially top 
surface [184, 185].    
 
5.2.7 Building direction 
In the build direction study, tensile test specimens were built in both the X 
direction (parallel with gas flow direction) and Z direction (vertical to the 
powder bed surface) using the same processing parameters. Due to the 
build limitations of the machine, Z direction build cannot be higher than 
70mm [173]. Therefore, flat tensile test specimens with a gauge length of 
25mm and thickness of 3mm, designed according to ASTM E8-09 were built 
in the X direction, and round tensile test specimens with a gauge length of 
16mm and neck diameter of 4mm, designed according to ASTM E8-09 were 
built on Z direction, shown in Figure 5-15.  
 
Figure 5-15 Tensile test specimens built for build directions study 
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Round tensile test specimens were not suitable for building in the X direction. 
A vertical cross section was done on a round tensile test specimen built on X 
direction, shown in Figure 5-16. The cross section can be divided into two 
parts by a line going through the centre of the circle. The upper part has a 
regular circular shape, while the lower portion is more like an ellipse. This 
can be caused by not enough support force from the powder bed to support 
the solidified section, as the edge of the lower part is always built on the 
powder bed rather than a solid layer. Residual stresses which are reinforced 
by the high thermal gradients from melting to solidification in a short time 
also deform the part. Significant porosity between the boundary and internal 
solid scan can be observed in the lower part. This is also caused by the 
deformation during the process. 
 
Figure 5-16 Cross section of round tensile test specimen built on X direction 
 
Specimens were built using the stainless steel 316L virgin powder supplied 
by LPW Technology Ltd. The main processing parameters include laser 
power of 50W, lens position of 14.50mm, scanning speed of 200mm/s, solid 
hatch distance of 0.08mm, layer thickness of 0.05mm, single scan per layer 
Z 
X 
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and no pre-heating process. All the tested parts were built in one build to 
avoid any build condition effect. Six tensile test specimen of each direction 
were built. Measured UTS and elongation at break of parts built on both X 
and Z directions are shown in Table 5-9.  
Build 
direction 
X Z 
UTS (MPa) 667.54±4.38 675.21±3.41 
Elongation 
(%) 
34.75±1.87 33.25±0.93 
Table 5-9 Tensile strength and elongation at break under different build 
directions 
 
The results of Z direction did not show significant decrease compared with X 
direction; and even slightly higher in UTS. The short time scan delay (10-15 
seconds for depositing a layer of powder) did not decrease the bond strength 
between layers, and also the layer thickness of 0.05mm used in the process 
was small enough to allow a melting pool overlap between two layers. High 
energy input can also create a deeper melting pool, therefore, the bond 
between two layers was not weaker than the bond between two exposure 
points. 
Due to the limitation of the powder container inside the processing chamber, 
topping up in the middle of building process with prepared powder was 
needed when building high parts (>30mm). The action of the topping up 
requires the machine to be paused until the topping up ends. This process 
can generate 20-30 minutes scan delay for the next layer. To study the effect 
of topping up on the bond strength between layers, tensile test specimens 
with topping up processes were built and tested. The specimens after being 
pulled are shown in Figure 5-17. From left to right, sample 1 and 2 were built 
with topping up delay during the process when building the gauge length 
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area, sample 3 to 6 were built without topping up delay during the process 
when building the gauge length area. 
 
Figure 5-17 Tensile test specimens with/without topping up delay during the 
process have been pulled 
 
Sample 
number 
1 2 3 4 5 6 
UTS (MPa) 496.55 512.87 678.23 673.44 672.28 676.52 
Elongation (%) 5.62 6.01 34.12 33.78 33.25 33.39 
Table 5-10 Tensile strength and elongation at break with/without topping up 
delay, samples were built in Z direction 
 
Specimens with the topping up delay (20-30 minutes) can fail at the 
beginning of the test even with high density, resulting in low tensile strength 
and elongation, as shown in Table 5-10. They always break near the topping 
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up layer, while no topping up delay specimens would usually break close to 
the middle of the gauge length. This indicates that the topping up delay 
decreases the bond strength between layers. By providing the top layer 
enough time to completely cool, the top layer material has less activity with 
solidification procedure completes and the grains settle down. Residual 
stress in the top layer also affects the surface roughness to prevent uniform 
deposition of the powder material for the next layer. Therefore, to keep the 
bonding strength for the next layer, higher energy intensity should be 
delivered.  
Topping up process can only affect the bond strength between two layers. 
Tensile test specimens built on X direction always break in the middle of the 
gauge length no matter with topping up process or not, shown in Figure 5-18. 
From top to bottom, sample 1 and 2 were built with a topping up delay during 
the process, sample 3 to 6 were built without topping up delay during the 
process. The delay did not affect the bond strength between two exposure 
points as they are not in the same vector direction. The UTS and elongation 
at break also remained similar for all six samples, as shown in Table 5-11. 
 
Figure 5-18 Tensile test specimens with/without topping up delay during the 
process have been pulled 
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Sample 
number 
1 2 3 4 5 6 
UTS (MPa) 661.48 662.39 665.33 660.54 668.25 671.33 
Elongation (%) 34.12 33.98 34.17 33.78 34.23 34.59 
Table 5-11 Tensile strength and elongation at break with/without topping up 
delay, samples were built in X direction 
 
5.3 Building conditions 
5.3.1 Processing environment 
In the SLM process, the oxygen level in the chamber, detected by an oxygen 
sensor, should stay below 0.3% during the whole process [81]. The MCP 
SLM-Realizer 100 will not start building work until the oxygen sensor’s 
reading is less than 1%, as an efficient way to protect the processing 
environment. To maintain the accuracy of the detected oxygen level, the 
oxygen sensor should be replaced after a certain period.  
It has been observed that significant oxidation phenomenon happened when 
the oxygen sensor failed to detect the accurate oxygen level during the 
process. This produced darker powders when scanning, and caused porosity 
and delamination of the parts. The chemical composition of a collection of 
the ‘darker powder’ was measured by EDX, and the results showed a great 
increase in oxygen compared with fresh powder and recycled powder without 
oxidation, shown in Table 5-12 and Figure 5-19. SEM was used to present 
the images of several oxidised particles, shown in Figure 5-20. The dark 
spots on the particles contain high levels of oxygen, where a chemical 
reaction between the stainless steel 316L particle and oxygen happened. 
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This may due to the higher temperature at the shell of the particles provides 
more oxidation chances [112]. 
Oxidation can cause the reduction of molten material wet-ability, which can 
be a barrier to successful layer fusion and can cause porosity, balling, 
delamination and tearing due to surface tension effects [37]. Therefore, it is 
very important to avoid oxidation during the SLM process.  
Element C O Si Cr Mn Fe Ni 
Weight % 2.38 14.62 7.29 15.1 6.85 46.6 7.15 
Atomic % 7.23 33.31 9.46 10.59 4.55 30.42 4.44 
Table 5-12 Chemical composition of one oxidised stainless steel 316L particle 
 
 
Figure 5-19 Chemical composition comparison between fresh, recycled and 
oxidised stainless steel 316L powder 
Wt% 
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Figure 5-20 SEM images of oxidised stainless steel 316L particles 
 
When improper high laser energy intensity was delivered to the powder bed, 
boiling pool or even plasma formation could be generated [54, 72]. The 
vaporised particles or plasma formation above the powder bed decrease the 
laser energy absorption, which generated dark particles during the process, 
shown in Figure 5-21. Collected dark particles were examined by SEM, 
shown in Figure 5-22.  
 
Figure 5-21 Dark particles generated by improper high laser energy intensity 
 
Dark particles on the top of the 
powder bed 
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Figure 5-22 SEM image of dark particles generated by improper high laser 
energy intensity 
 
Dark particles generated by improper high laser energy intensity in this case 
were not oxidised, since the dark dots on the particles in Figure 5-20 were 
not found in Figure 5-22. They are formed by series sizes of sintered 
particles generated during the boiling or plasma formation. These dark 
particles remained on the processing area while the laser was scanning, and 
caused a rough surface finishing, porosity and delamination of the parts.  
During the laser melting process, the temperature of the exposed particles 
usually exceeds the melting temperature [91]. A further increase of the 
temperature to around 2900°C causes the material to evaporate. When this 
phase transformation occurs, the rapidly moving vaporised particles expand 
and generate a recoil pressure on the molten pool [91]. Nd:YAG laser can 
generate high energy intensity at 105 to 106 W/mm2. At this high incident 
energy intensity, the vapour interacts with the laser radiation and becomes 
ionized, then a plasma is formed [102, 186]. The plasma decreases the energy 
intensity delivered to the powder bed and the laser energy absorption. 
Therefore, the laser sintered the particles rather than fully melting them. 
Vaporised particles are also evaporated, consolidated, sintered and left on 
the top of the powder bed.  
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Lowering of the power intensity by some orders of magnitude lower than the 
plasma threshold, it is reported that only evaporation takes place [91]. The 
evaporation decreases the density of the part in the SLM process and should 
be avoided. Therefore, to avoid the formation of boiling pool, evaporation or 
plasma formation during the melting process, suitable laser energy intensity 
should be delivered to generate a stable melting pool during the SLM 
process. 
 
5.3.2 Effect of gas flow 
Based on the building area variation study, an additional 8 tensile test 
specimens were built to study the variation caused by the gas flow. Stainless 
steel 316L virgin powder supplied by LPW technology Ltd was used to build 
samples. The main processing parameters include laser power of 50W, lens 
position of 14.50mm, scanning speed of 150mm/s, solid hatch distance of 
0.08mm, layer thickness of 0.05mm, single scan per layer and no pre-
heating process. Gauge area diameter and tensile strength of each 
specimen were tested and compared to study the variation. Results are 
shown in Figure 5-23, the green circles were the positions of additional 8 
specimens. 
 
Figure 5-23 Results from gas flow effect study 
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The measured gauge area diameters stay close for all 8 specimens, and also 
close to the 13 specimens built for building area variation study. The average 
value is 4.036mm, with the standard deviation of 0.005mm. The variation for 
the built part’s size is so small that can be ignored. It indicates that gas flow 
has no effect on the built part size accuracy. 
The average value of tensile strength (UTS) at break was 676.7MPa, with a 
standard deviation of 5.15MPa. The parts built in the left back area did have 
smaller tensile strength compared with the parts built in the other areas, but 
the difference of 1.48% of the average value is still not significant. 
A statistical hypothesis test, one-sample t-test, was performed in Microsoft 
Excel 2010 to study the significance level of the UTS results variation. The 
analysis results show a t statistic value of -4.9x10-5, which is smaller than the 
t critical value of 1.7247. Also the p-value is 0.4999, which is larger than the 
common significance level 0.05 [182]. Therefore, the data analysis showed the 
variation of the UTS results was not significant at a significance level of 
5%.This shows that the gas flow did not affect laser-powder interaction and 
cooling process throughout the building area. But to achieve the acceptable 
mechanical properties, it is better to avoid building parts in the left back area 
if possible. 
As discussed in section 5.3.1, when improper high laser energy density was 
delivered to the powder bed, a series of sizes of sintering particles could be 
generated and remained on the powder bed. Because of the gas flow, these 
particles can be blown to the left area of the building substrate, and affect 
part quality. To study the effect of these ‘dark particles’, 3 sets of tensile test 
specimens were built from left to right on the building substrate, shown in 
Figure 5-24. Stainless steel 316L virgin powder supplied by LPW technology 
Ltd was used to build samples. The main processing parameters include 
laser power of 50W, lens position of 14.50mm, scanning speed of 100mm/s, 
solid hatch distance of 0.08mm, layer thickness of 0.05mm, single scan per 
layer and no pre-heating process.  
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Figure 5-24 Tensile test specimens were built for dark particles effect study 
 
The specimens were labelled as No.1 for the left to No.6 for the right. The 
average tensile strength for each number can be found in Table 5-13. A 
group of specimens after break are shown in Figure 5-25. There was a 
significant decrease in tensile strength at break of No.1 and No.2 specimens, 
which had most of dark particles covered during the process. No.4, No.5 and 
No.6 specimens which did not have dark particles remained on the process 
area because of the gas flow, had similar tensile strength at break. Figure 5-
25 also showed this trend as the elongation at break of sample 1, 2 and 3 is 
lower compared with sample 4, 5 and 6.  
 No.1 No.2 No.3 No.4 No.5 No.6 
UTS 
(MPa) 
363.43 
±18.35 
556.98 
±6.79 
630.23 
±4.2 
660.53 
±4.88 
661.93 
±3.84 
657.73 
±5.29 
Table 5-13 Average tensile strength of specimens built for dark particles effect 
study 
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Figure 5-25 Break specimens built for dark particles effect study 
 
5.3.3 Pre-heating study 
A pre-heat of 250°C, according to the maximum value recommended by the 
machine operating manual [173], can be applied to the bottom of the build 
substrate during the whole SLM process. A group of 6 tensile test specimens 
were built using 250°C pre-heating during the whole process, and another 
group of specimens were built on the same position of building substrate 
without pre-heating. Stainless steel 316L virgin powder supplied by LPW 
technology Ltd was used to build samples. The main processing parameters 
include laser power of 50W, lens position of 14.50mm, scanning speed of 
250mm/s, solid hatch distance of 0.08mm, layer thickness of 0.05mm, single 
scan per layer and no pre-heating process. The results for pre-heating study 
are shown in Table 5-14. With the limited 250°C on the building substrate, 
while stainless steel melting temperature is around 1400°C, it is difficult to 
see any significant improvement compared with non pre-heating process. 
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 Density Tensile strength Elongation 
250⁰C pre-heating 99.4% ±0.23 609.59MPa ±3.35 36.65% ±1.40 
Non pre-heating 99.4% ±0.28 605.19MPa ±4.59 36.14% ±1.71 
Table 5-14 Average density, tensile strength and elongation for pre-heating 
study 
 
Some academic works suggested that pre-heating the building substrate can 
reduce the surface roughness and improve the part accuracy due to reduced 
thermal gradients and shrinkage, as less heat input is required by the laser to 
change the powder from a solid to liquid phase [84-86]. Some other research 
indicated that pre-heating the powder bed does not necessarily improve the 
part properties when the temperature difference between pre-heating and the 
material melting temperature is large (>800°C) [87]. The results shown in 
Table 5-14 have a good agreement with the latter comments, and suggest 
the pre-heating in this research does not improve the built part’s quality 
significantly. 
 
5.4 Summary 
The results of the first part of the experimental programme were presented 
and analysed in this chapter. Knowledge on each process parameter’s effect 
on the SLM process and final part’s physical and mechanical properties was 
obtained, discussed and used for the process optimisation.  
Laser energy density is a key factor which affects the final parts quality. It is 
controlled by four main process parameters – laser power, beam width on 
the powder bed (lens position), laser scanning speed and scan hatch 
distance. The main aim of controlling the energy density is to make sure the 
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heat absorbed by the powder is enough for producing dense parts without 
over-heating. Suitable energy intensity can generate parts with densities very 
close to 100% (99.93%), as well as high strength. Low energy density 
resulted in porosity and low strength in the part, while improper high energy 
densities can cause the surface powder to begin to vaporise and even 
generate plasma.   
Controlling the process parameters needs to consider the wet-ability for 
avoiding balling phenomenon. The laser scanning speed is the main factor in 
determining the balling phenomenon during the SLM process. Lower 
scanning speed increases the risk that the molten powder consolidates more 
to a spherical structure rather than consolidating into the previous layer. 
Building direction did not affect the built part’s quality. The bond between two 
layers was not weaker than the bond between two exposure points. However, 
a topping up delay does reduce the bond strength between layers.  
The F-theta lens equipped inside MCP SLM-Realizer 100 works well to 
provide a flat field at the image plane of scan, and deliver the laser energy 
uniformly to the powder bed throughout the whole building area. The gas 
flow did not affect laser-powder interaction and cooling process throughout 
the building area. But it did affect the parts built on the left of the building 
substrate when evaporation and plasma take place under improper high 
energy intensity. Re-melting the surface of the part is an efficient way to 
reduce the top surface roughness.  
Oxidation needs to be avoided during the process, as it degrades the powder 
material, as well as causes porosity and delamination of the parts. A pre-heat 
of 250°C in this research did not improve the part’s quality significantly, as it 
is far away from the stainless steel 316L melting temperature. 
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6 Results & Discussions - Raw 
Material Characterisation 
 
 
6.1 Introduction 
This chapter presents the results and analysis from the second part of the 
experimental programme – raw material (powder used in SLM process) 
characterisation. The overall experimental method for this part was described 
in section 3.4. The results include the examination and measurement of the 
powder’s fundamental properties, the effect of particle size distribution on 
part quality and the metal powder’s sustainability in the SLM process.  
Experiments were carried out on stainless steel 316L powder supplied by 
two suppliers, LPW Technology Ltd and Sandvik Osprey Ltd, with different 
particle size distributions. Results show the different behaviours of the 
powder bed density and powder flowability. Effects of the particle size 
distribution on the final part’s quality are presented, compared and discussed.    
Powder material sustainability was studied by monitoring the powder particle 
shape, size distribution and built part’s physical and mechanical properties 
after a certain usage time. Results are presented on both LPW and Sandvik 
Osprey powders.  
 
6.2 Particle shape and size distribution 
Particle shapes examined by SEM are shown in Figure 6-1. Both the Sandvik 
Osprey and the LPW powder appear to be close to spherical with smooth 
surfaces. Visual inspection suggests that the Sandvik Osprey powder 
consists of a wider range of particle sizes than the LPW. 
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Figure 6-1 a) Osprey, b) LPW powder under SEM, mag=500x 
 
Measured particle size distributions of Sandvik Osprey and LPW powders 
are shown in Figure 6-2. Clearly, the two powders have a distinctly different 
distribution. The Sandvik Osprey powder has a wider range and contains 
significantly more fine particles (<10µm). The mean sizes are close, 
27.533µm (SO) and 29.294µm (LPW).  
 
Figure 6-2 Particle size distribution measured by Mastersizer 2000 
 
6.3 Powder bed density and powder flowability 
Apparent density, powder bed density and tapped density of the powders are 
shown in Table 6-1. A wider range of particle sizes usually allows a higher 
density to be achieved as the smaller particles can fit in the gaps between 
the larger particles and this is reflected in the generally higher bed density 
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observed for the SO powder. This is likely to be beneficial for the final part. 
However, the higher density will result in greater friction and more 
possibilities for particles to “lock” together during flow, and thus reduced 
flowability is seen for the SO powder, shown in Table 6-2. 
Brand Apparent 
density (g/ml) 
Powder bed 
density (g/ml) 
Tapped density 
(g/ml) 
Osprey 4.54 5.312 5.54 
LPW 4.33 4.88 5.03 
Table 6-1 Measured apparent density, powder bed density and tapped density 
 
Brand Flowability by time (kg/hour) Hausner ratio 
Osprey 0.54 1.22 
LPW 0.67 1.16 
Table 6-2 Measured powder flowability 
 
The flowability can be significantly affected by powder particle size 
distribution, particle shape and inter-particle friction [94]. It is believed that 
spherical particles with smooth surfaces flow well as the flow motion is not 
hindered by angle contacts [87], also the smooth surfaces reduce the inter-
particle friction. In the SEM images, both LPW and SO powders observed 
have particle shapes that are relatively spherical with smooth surfaces. 
Therefore, the difference between their particle size distributions is the main 
reason for different flowability. High flowability occurs when the powder 
contains a narrow particle size range, and LPW powder has this advantage 
compared with SO powder. Hausner ratios for both powders are less than 
1.25, indicate that they both have acceptable flowability [163]. 
 135 
6.4 The effect of particle size distribution 
Tensile test specimens with a gauge length of 25mm and thickness of 3mm, 
designed according to ASTM E8-09, were built for the effect of particle size 
distribution study. For each brand’s powder, five groups of specimens were 
built using five different scanning speeds: 100mm/s, 150mm/s, 200mm/s, 
250mm/s and 300mm/s. Another five groups of specimens were built with 
five different lens focus position 14.40mm, 14.50mm, 14.60mm, 14.70mm 
and 14.80mm.  
To plot the results as a function of laser energy intensity in this study, lens 
focus position values were converted to the laser beam diameters. 
Measurement results using the camera based laser beam profiler, are 
0.026mm, 0.028mm, 0.030mm, 0.035mm, 0.048mm for the above lens 
position values under 25W. Equation (5.1) is used for calculating the beam 
width under 50W. The laser beam diameter and scanning speed are 
parameterised into a laser energy density using the Equation (2.9), while 
hatch distance is set to a constant value.  
Within each group the processing parameters were the same for all 5 
specimens, all the specimens were built in a constant position of the build 
substrate, and these are shown for each experiment in Tables 6-3 and Table 
6-4. Final part density was measured by cross sectioning specimens and 
examining the porosity using an optical microscope. Five cross sections were 
examined to obtain average density values for each sample. Surface 
roughness was measured by Talylor Hobson Form Talysurf 50. UTS and 
elongation at break were tested using an Instron 3369 and hardness was 
measured using a Rockwell hardness testing machine (Avery 6402). 
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Scanning speed variation 
Laser power 50W 
Laser beam diameter 0.040mm 
Scanning speed 100mm/s, 150mm/s, 200mm/s, 250mm/s, 
300mm/s 
Layer thickness 0.05mm 
Hatch distance 0.08mm 
Scanning strategy One scan each layer 
Pre-heating substrate None 
Table 6-3 Specimens built parameters using different scanning speeds for 
particle size distribution effect study 
 
Laser beam diameter variation 
Laser power 50W 
Laser beam diameter 0.037mm, 0.040mm, 0.042mm, 
0.049mm, 0.068mm 
Scanning speed 200mm/s 
Layer thickness 0.05mm 
Hatch distance 0.08mm 
Scanning strategy One scan each layer 
Pre-heating substrate None 
Table 6-4 Specimens built parameters using different laser beam diameters 
for particle size distribution effect study 
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6.4.1 Density of the finishing parts 
Table 6-5 shows the average measured density of the final parts, as a 
percentage of the full density. Generally a downward trend in density was 
observed with increasing scanning speed, reflecting the reduced energy 
input into the material. In addition, the LPW powder, which was previously 
observed to have a lower powder bed density, is typically found to have a 
lower part density than the SO parts, suggesting a possible link between the 
powder bed density, and thus the particle size distribution and the final part 
density. Typical cross-sections of the samples are shown in Figure 6-3. 
There is a small drop in average density for SO parts from 150mm/s to 
100mm/s with even more energy delivered, and can be caused by fine 
particles vaporisation due to the high temperature generated on the powder 
bed. 
Scanning 
Speed 
100mm/s 150mm/s 200mm/s 250mm/s 300mm/s 
Osprey 99.45% 99.93% 99.55% 99.37% 99.30% 
LPW 99.85% 99.65% 99.02% 97.91% 97.22% 
Table 6-5 Average density of parts built using different scanning speeds 
 
Figure 6-3 Cross section of parts built on 300mm/s, a) Osprey, b) LPW 
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Table 6-6 shows the average density of parts built using five laser beam 
diameters. 
Beam 
diameter 
0.037mm 0.040mm 0.042mm 0.049mm 0.068mm 
Osprey 99.90% 99.55% 99.45% 99.26% 98.53% 
LPW 99.93% 99.02% 98.63% 97.98% 96.72% 
Table 6-6 Average density of parts built using different laser beam diameters 
 
A similar trend is observed for varying the laser beam diameters. As the 
diameter is increased, then for the same power, the density tends to 
decrease. This reflects the same trend in the energy intensity as the beam 
diameter or the scanning speed increased. The same trend was observed for 
samples built under different scanning speeds: the Osprey samples give 
higher densities than LPW’s when using larger laser beam diameters.  
 
6.4.2 Surface roughness of the finishing parts 
Figure 6-4 and Figure 6-5 show measured side and top surface roughness 
Ra for both SO and LPW parts. 
The results for roughness are more confused. There are suggestions of an 
increase in roughness as the laser energy intensity is decreased, though 
there is some significant variation from this, particularly for the top surface 
roughness of parts built using both SO and LPW powder.  
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Figure 6-4 Side surface roughness for both SO and LPW parts 
 
 
Figure 6-5 Top surface roughness for both SO and LPW parts 
 
SO parts had a generally smoother side surface finish than the LPW parts, 
and suggested a possible link between the particle size distribution and the 
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final parts side surface finish. The wider particle size range of SO powder 
presents higher powder bed density, and smaller gaps between particles. 
When the particles are melted and consolidated, the shrinkage for each layer 
could be lower compared with the LPW powder. This allows the powder 
deposition for the next layer to deliver similar amount of the powder each 
time. Therefore, the laser melts a near constant amount of powder and 
generates similar melting pool size for each layer. Constant melting pool 
depth presents constant overlapping between layers and helps to reduce the 
stair stepping effect on the side surface finishing [18].   
The top surface is usually rougher than side surface on SLM built parts, as 
can be seen from Figure 6-4 and Figure 6-5. The lowest Ra of top surface 
was observed between the input laser energy density from 5J/mm2 to 
7J/mm2 for both SO and LPW parts. Higher energy intensity input introduced 
a rougher top surface due to high thermal stresses and non-uniform 
solidification rate across the powder bed. Also the vaporisation during the 
melting process when high energy intensity is delivered increases the top 
surface roughness. Top surface roughness of SO parts varies in a smaller 
range compared with LPW parts, which indicates the effect of energy 
intensity on top surface finish is larger on a lower density powder bed.  
 
6.4.3 Tensile strength and elongation of the finishing parts 
Figure 6-6 and Figure 6-7 show the UTS and elongation at failure of the 
samples built using both SO and LPW powders. 
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Figure 6-6 UTS of both SO and LPW parts 
 
 
Figure 6-7 Elongation of both SO and LPW parts 
 
Both SO and LPW parts experienced first an increase and then decrease in 
UTS with increasing the laser energy density. A drop in UTS under higher 
energy intensity input was observed for both SO and LPW parts. The results 
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show a good agreement with the density results. Low energy input generates 
porosity inside the part and decrease the UTS; while high energy input also 
generates porosity by vaporising the particles or forming plasma, and 
reduces the UTS too. Observed from Figure 6-6, LPW parts have higher 
tensile strength than SO parts, and may be caused by different chemical 
compositions of two powders.  
The results for elongation show the similar trend as the UTS results of both 
SO and LPW parts. SO parts have higher elongation than LPW parts in most 
energy intensity, which is opposite to the UTS results, as can be seen from 
Figure 6-7. Parts built by LPW powder are more brittle compared with the SO 
parts. 
 
6.4.4 Hardness of the finishing parts 
Figure 6-8 shows measured Rockwell B hardness of both SO and LPW parts. 
 
Figure 6-8 Hardness under different scanning speeds 
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The results for hardness are also confusing. There are suggestions of an 
increase in hardness as the energy intensity is increased, although there is 
significant variation for parts using SO powder. Rockwell B hardness of SO 
parts stayed in a small range between 68 and 72, but did not form a clear 
trend under different laser energy density, observed from Figure 6-8.  
Previous work indicated a hardness increase along with the density increase 
when higher energy intensity was delivered to the powder bed [187]. 
Presented in section 6.4.1, SO parts have densities which were less variable 
than LPW parts in the laser energy density range used in the experiment. 
This small change in density results the hardness of SO parts remaining 
similar. LPW parts have the hardness increase well agreed with their density 
increase.  
LPW parts have larger hardness than SO parts when high energy intensity 
was delivered. SO powder has more fine particles than LPW powder, and 
has higher chance to evaporate these fine particles to generate porosity 
inside the built part, resulting lower hardness.  
In the UTS, elongation and hardness results shown in Figure 6-6 to 6-8, 
there was an out of trend drop for LPW parts built at 300mm/s scan speed 
and 0.04mm beam diameter. The values are lower than the results from a 
part built with lower laser energy intensity (200mm/s scan speed, 0.068mm 
beam diameter). This indicated that scan speed affected the LPW parts 
mechanical properties more than focus position in low energy density area. 
To sum up, Powders with different particle size distribution behave differently 
in selective laser melting process, and introduce differences in powder bed 
distribution and built part’s quality. With similar mean size, powder with wider 
range of particle size provides higher powder bed density, while powder with 
narrower range of particle size provides better flowability. They are main 
factors which generates the differences in built part’s quality. 
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Powder with wider range of particle size performs better under low laser 
energy intensity, which generates higher density parts. Also parts built by 
wider range particle size powder have smoother side surface finishing.  
Powder with narrower range of particle size performs better under high laser 
energy intensity, which generates parts with higher UTS, larger hardness 
and smoother top surface finishing. 
 
6.5 Powder sustainability study 
6.5.1 LPW powder monitoring 
Powders supplied by LPW technology for the powder sustainability 
monitoring study was processed for over 800 hours. Samples were 
examined after every 200 processing hours to check for differences. Particle 
shape changes were examined by SEM, shown in Figure 6-9, and particle 
size distribution changes were tested by Mastersizer 2000, shown in Figure 
6-10.  
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a) virgin powder; b) processed after 200 hours 
   
c) processed after 400 hours; d) processed after 600 hours 
 
                              e) processed after 800 hours 
Figure 6-9 LPW powder in different stages, examined by SEM 
a) 
c) 
b) 
e) 
d) 
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Figure 6-10 Particle size distribution comparisons for LPW powder  
Virgin 
200 hours 
200 hours 
400 hours 
600 hours 
400 hours 
800 hours 
600 hours 
800 hours 
Virgin 
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After 800 hours of processing, the particle shape did not show significant 
change when compared with the virgin LPW powder. The majority of 
particles stayed spherical, with a few particles began to form un-spherical 
shapes because of sintering or heat affecting during the process. 
Particle size distribution result showed slight movement on the x-axis after 
800 hours processing time. The shape and width of the distribution curve 
stayed similar to the virgin powder. The results indicated a trend that the 
particles would become relative larger in a slow-moving process during the 
SLM building process. 
Besides the particle shape and size distribution examination, mechanical 
properties of the parts built by the sample powders were also examined. 3 
sets of flat tensile test specimens with a gauge length of 25mm and 
thickness of 3mm, designed according to ASTM E8-09, were built in parallel 
with the gas flow direction to examine any differences for both tensile 
strength and surface roughness. They were built on the same position of the 
substrate under the same building conditions. The main processing 
parameters include laser power of 50W, lens position of 14.50mm, scanning 
speed of 200mm/s, solid hatch distance of 0.08mm, layer thickness of 
0.05mm, single scan per layer and no pre-heating process. UTS and surface 
roughness were measured, and the average results were shown in Table 6-7. 
Average 
results 
Virgin 200 Hours 400 Hours 600 Hours 800 Hours 
Tensile 
strength 
680.63MPa 686.57MPa 684.33MPa 680.79MPa 683.21MPa 
Top surface 
roughness 
12.6054µm 10.2486µm 11.6549µm 11.3244µm 10.7108µm 
Side surface 
roughness 
6.4131µm 6.3798µm 6.5232µm 6.4419µm 6.5655µm 
Table 6-7 Average mechanical properties comparison for LPW parts 
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As shown in Figure 6-9 and 6-10, the particle shape and size distribution of 
the powder provided by LPW Technology did not show a significant change 
after 800 hours processing time, the measured tensile strength and surface 
roughness also did not show a significant increasing or decreasing trend. 
The average tensile strength stayed relatively constant as well as the 
average side surface roughness. The top surface roughness showed a slight 
improvement after 200 processing hours, but did not form a trend during the 
whole 800 processing hours. 
To investigate if there was any difference of the powder particle’s 
microstructure due to the heat effect during the SLM process, sample 
powders were examined by EBSD for their crystallographic orientation. 
Powders supplied by LPW technology in both their virgin and 800 hours 
processed states were examined by EBSD. The results were shown in 
Figure 6-11 and Figure 6-12. 
      
Figure 6-11 Crystalline orientation maps of two particles random selected 
from LPW virgin powder 
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Figure 6-12 Crystalline orientation maps of two particles random selected 
from LPW powder after 800 hours processing 
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Particles shown in Figure 6-11 and Figure 6-12 were selected randomly from 
sample powders which contained a large amount of particles for each state. 
All the particles contained over 99.7% of γ-iron (Gamma ferrite) phase, which 
was austenite.  
Virgin powders were formed by several large grains, most of them larger 
than 20µm, while the powders after 800 processing hours were formed by 
various sizes of grains, from 5µm to 15µm. It could be assumed that there 
was recrystallization happened to the heat affacted zone particles during the 
SLM process, and small size of grains were formed due to very high cooling 
rate [83, 111]. 
The second image in Figure 6-12 shows a large particle formed by three 
small particles sintered together. A strong necking formed between right top 
particle and right bottom particle can be observed with the grains growing 
through these two particles. A weak necking formed between left particle and 
right bottom particle can also be observed since the grains still stayed in their 
original particles in the necking area. 
 
6.5.2 SO powder monitoring 
Due to the research time limitation, powder supplied by Sandvik Osprey Ltd 
for powder sustainability monitoring study was processed for over 300 hours. 
Samples were examined after every 100 processing hours to check the 
shapes and particle size distributions. Powders were used for general 
building work under around 1,000 processing hours in MCP SLM 100 were 
also examined as a reference in this study.  These powders had been found 
to start to degrade, and were presented in section 3.4.6. Particle shape 
changes were examined by SEM, shown in Figure 6-13, and particle size 
distribution changes were tested by Mastersizer 2000, shown in Figure 6-14.  
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a) virgin powder; b) processed after 100 hours 
   
c) processed after 200 hours; d) processed after 300 hours 
 
e) processed after 1,000 hours for general building propose in SLM 100 
Figure 6-13 SO powder in different stages, examined by SEM 
 
e) 
d) c) 
b) a) 
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Figure 6-14 Particle size distribution comparison for SO powder 
100 hours 
Virgin 
200 hours 
100 hours 
200 hours 
300 hours 
300 hours 
Virgin 
Virgin 
1,000 hours 
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As shown in Figure 6-13 and 6-14, after 300 hours of processing, the particle 
shape did not show significant change when compared with the virgin SO 
powder. The majority of particles stayed on spherical shape, with a few large 
particles began to form un-spherical shapes because of sintering or heat 
affecting during the process. It can be observed from the SEM images that 
after 300 processing hours, the amount of large particles with diameters over 
80µm started to increase and the fine particles with diameters smaller than 
15µm started to disappear. After 1,000 hours processing, the amount of fine 
particles was much smaller compared with virgin SO powder.  
Particle size distribution result showed an observed difference after 300 
hours processing time, and a significant difference after 1,000 hours. The 
trend of fine particles decreasing and large particles increasing can be 
obtained. After 1,000 hours processing time, the fine particles with diameters 
smaller than 10µm were nearly gone, and it could be caused by vaporisation 
and sintering during the SLM process. 
Besides the particle shape and size distribution examination, mechanical 
properties of the parts built by the sample powders were also examined. 3 
sets of flat tensile test specimens with a gauge length of 25mm and 
thickness of 3mm, designed according to ASTM E8-09, were built in parallel 
with gas flow direction to examine any differences for both tensile strength 
and surface roughness. They were built on the same position of the 
substrate under the same building conditions. The main processing 
parameters include laser power of 50W, lens position of 14.50mm, scanning 
speed of 200mm/s, solid hatch distance of 0.08mm, layer thickness of 
0.05mm, single scan per layer and no pre-heating process. UTS and surface 
roughness were measured, and the average results were shown in Table 6-8. 
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Average 
results 
Virgin 100 Hours 200 Hours 300 Hours 1,000 
Hours 
Tensile 
strength 
626.33MPa 628.37MPa 623.53MPa 618.79MPa 612.56MPa 
Top surface 
roughness 
12.8685µm 12.2576µm 12.6845µm 13.3274µm 14.7117µm 
Side surface 
roughness 
6.0758µm 6.3723µm 6.9234µm 7.4417µm 9.2320µm 
Table 6-8 Average mechanical properties comparison for SO parts 
 
Due to the changes in particle size distribution of the powder provided by 
Sandvik Osprey Ltd, the measured tensile strength and surface roughness 
showed relative changes too. The change in particle size distribution did not 
generate significant effect on the average tensile strength as well as the top 
surface roughness; and a decrease trend on the tensile strength and an 
increase trend on the top surface roughness was obtained. Side surface 
roughness showed a slight increase after 300 processing hours and an 
obvious increase after 1,000 processing hours. 
 
6.6 Summary 
The results of the second part experimental programme were presented and 
analysed in this chapter. Two brands of powder were used in the 
experiments. The powder particle shape, size distribution, flowability and the 
behaviour on forming the powder bed were examined. Particle size 
distribution effects on the final part quality were studied. Powders were 
monitored under a certain period for investigation their sustainability.   
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SO powder with wider range of particle size provides higher powder bed 
density, generates higher density parts under low laser energy intensity, and 
generates smoother side surface finishing parts. LPW powder with narrower 
range of particle size provides higher flowability, generates parts with higher 
UTS and greater hardness under high laser energy intensity. 
Main powder degrade phenomenon is the change in powder particle shape 
and size distribution. LPW powder did not degrade in the monitoring period 
800 hours with no significant changes happened in particle shape, size 
distribution and built part’s quality. SO powder started to degrade after 300 
hours with an observed difference in particle size distribution, and this 
difference was enhanced after 1000 hours of processing. The degradation 
results the lower tensile strength and higher surface roughness of the built 
parts.   
  
 156 
7 Results & Discussions - Model 
Inputs Characterisation 
 
 
7.1 Introduction 
This chapter presents the results and analysis from third part of the 
experimental programme – model inputs characterisation. These inputs 
include the material properties, loads and boundary conditions, and are 
essential for the simulation. The overall experiment method for this part was 
described in section 3.4. 
Since the powder bed properties cannot be obtained directly from the 
literature, relevant measurements were carried out. The results of density, 
thermal conductivity and specific heat capacity for the powder bed are 
presented.  
Loads and boundary conditions are also discussed in this chapter. 
 
7.2 Material Properties 
The finite element model for heat transfer analysis was established using the 
material properties of the stainless steel 316L powder supplied by LPW 
Technology. The powder state and solid state of stainless steel 316L are two 
stable states which exist in the SLM process and their physical and thermal 
properties should be measured in order to accurately describe the physical 
process during the SLM manufacture.  
The liquid state of stainless steel 316L can only exist when the temperature 
is above the melting temperature 1400°C [188]. The liquid state’s physical and 
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thermal properties are hard to measure due to the limited access to the 
suitable equipment. In the simulation work, proper assumption based on the 
current knowledge for the inputs is allowed, and can be validated later from 
the modelling results accuracy. Therefore, the solid state’s physical and 
thermal properties were used in the modelling work for the liquid state as an 
assumption due to their close density.  
 
7.2.1 Density 
The bulk density of stainless steel 316L is 8000kg/m3 [188]. Since the built 
part’s density in SLM process have been shown to reach a maximum of 
99.93%, the value used for the FE model was 7994kg/m3. 
The powder bed density during the SLM process has been measured by the 
method described in section 3.4.3, and the result shown in section 6.3 
presented that the stainless steel 316L powder supplied by LPW Technology 
formed a powder bed density of 4880kg/m3. 
 
7.2.2 Thermal conductivity 
Stainless steel 316L is a temperature dependent material where its thermal 
properties vary at different temperatures. The thermal conductivity of fully 
solid stainless steel 316L is 16.2W/m·K at 100°C, and 21.5W/m·K at 500°C 
[188]. Therefore, Equation (3.2) is converted to Equation (7.1) for calculating 
the thermal conductivity kS (S for solid) at different temperatures for the bulk 
stainless steel. 
                 
                                           (7.1) 
The parts generated by the SLM process have a maximum density of 
99.93%. The gas in the pores also has temperature dependent conductivity, 
making it complicated to calculate the combined thermal properties. Since 
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the density of built part is close to the bulk material, the conductivity of the 
gas in the pores is ignored due to its minimal effect, 0.02622W/m·K at 25°C, 
0.0457W/m·K at 325°C and only being 0.07% in the part [110]. Therefore the 
values for full solid stainless steel 316L were used in the heat transfer 
modelling.  
To measure the powder bed thermal conductivity, containers shown in Figure 
3-15 were built with 1mm thick top and bottom lid, and a series of sidewall 
thickness 1mm, 1.5mm, 2mm, 2.5mm and 3mm. Due to the accuracy and 
limitations of the thermal conductivity apparatus[172], three measuring 
temperatures 100°C, 200°C and 300°C were selected. Each measurement 
was repeated twice to obtain a reliable range of the readings, and the results 
were shown in Figure 7-1. 
 
Figure 7-1 Powder bed thermal conductivity based on different sidewall 
thickness 
 
In Figure 7-1, the sidewall thickness shows a linear effect on the 
measurement results, and the powder bed thermal conductivity was obtained 
when the sidewall thickness was zero. The results show the LPW powder 
bed has thermal conductivity of 0.5W/m·K at 100°C, 1.2W/m·K at 200°C and 
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1.9W/m·K at 300°C. These values were inputted into Equation (3.2) to 
calculating the thermal conductivity kp (P for powder) at different 
temperatures for the powder bed, shown in Equation (7.2). 
                
                                       (7.2) 
 
7.2.3 Specific heat capacity 
The specific heat capacity of solid stainless steel 316L is 500J/kg·K at the 
temperature 0-100°C [188]. The parts generated by the SLM process have a 
maximum density of 99.93%, and only 0.07% porosity. The remaining 0.07% 
of air has specific heat capacity 1005J/kg·K in the temperature range [189], 
and its specific heat capacity is also temperature dependent [190]. The 
influence rate of the air on the built part specific heat capacity is calculated 
below: 
                          
          
                     
       
As discussed in section 7.2.2, due to the small influence rate of the air and 
the complex calculation for the combining properties, the specific heat 
capacity of the gas in the pores is ignored, and the values for fully solid 
stainless steel 316L were used in the heat transfer modelling.  
Based on the temperature dependent specific heat capacity values obtained 
from the metal handbook [188], the Equation (3.4) is converted to Equation 
(7.3) for calculating the specific heat capacity CpS (S for solid) at different 
temperatures for the bulk stainless steel. 
                            
                              (7.3) 
A Shimadzu DSC-60 with temperature range -150 to 600°C, heat flow range 
±40mW was used for measuring the specific heat capacity thermal curves of 
the stainless steel 316L powder provided by LPW Technology [191]. The heat 
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flow as a function of temperature is shown in Figure 7-2. The measurement 
was repeated to reduce any reading or operating errors, and the results are 
shown in Figure 7-3. 
 
Figure 7-2 Specific heat thermal curve for stainless steel 316L powder 
 
Figure 7-3 Calculated specific heat capacity of powder bed 
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The calculated specific heat capacity of stainless steel 316L powder bed is 
between 0-654J/kg·K at the temperature 0-550°C with temperature 
dependent property. Measurement errors between temperature range 0-
180°C resulted in negative values. These errors appear in the range when 
the heat flow increased gradually in Figure 7-2 at the beginning of the 
measurement, where this increase rate did not repeat when the samples 
were cooled down at the end of the measurement.  
Due to the large measuring error by the experiment above, another 
estimation method for the specific heat value at typical room temperature 
conditions was developed. The powder bed can be defined as a mixture of 
powder and air, and the specific heat capacity of the powder bed may be 
calculated by two main medium values – solid stainless steel 316L and air. 
The measured powder bed density is 4880kg/m3, which is 61% of solid full 
density 8000kg/m3 with specific heat capacity  500J/kg·K; the remaining 39% 
of air has specific heat capacity 1005J/kg·K[192]. So the estimated specific 
heat capacity value can be calculated by the equation below: 
                            ⁄  
Considering the temperature dependence, the estimation solution used 
above is converted to Equation (7.4) to calculate the specific heat capacity 
CpP (P for powder) for the powder bed at a given temperature T. 
   ( )     ( )         ( )                                (7.4) 
Where CpA (A for air) is the specific heat capacity for the air, and it has the 
same relationship with the temperature described in the Equation (3.4) [193]. 
Based on the temperature dependent specific heat capacity values obtained 
from the reference [190], the Equation (3.4) is converted to Equation (7.5) for 
calculating the specific heat capacity CpA (A for air) at different temperatures 
for air. 
                   
                                  (7.5) 
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7.3 Loads 
The load used in the heat transfer model is a moving heat source which 
simulates the moving laser passing through the powder bed. Due to the laser 
penetration phenomenon, a Goldak body heat source was selected for the 
model establishment. The description and solution of the Goldak heat source 
can be found in section 2.5.3. Input heat or power, shape of the input heat 
distribution and the moving speed of the heat source require definition.  
The input power and shape of the laser were measured by the methods 
described in section 3.3.1. Output power was 47.5W when setting at 50W. 
The detected laser beam profile had a standard Gaussian TEM00 distribution 
on both X and Y directions. When setting the lens focus position value at 
14.50mm and output power at 25W, the beam width at 50% of peak was 
0.018mm on X direction and 0.018mm on Y direction; the beam width at 13.5% 
of peak was 0.031mm on X direction and 0.026mm on Y direction. The beam 
width on output power 50W would be relatively larger than 25W, and is 
calculated by Equation (5.1). The beam width at 50% of peak was 0.025mm 
on X direction and 0.025mm on Y direction; the beam width at 13.5% of peak 
was 0.044mm on X direction and 0.037mm on Y direction at 50W. 
 
7.4 Boundary Conditions 
7.4.1 Top surface 
The top surface is a forced convection surface due to the inert gas flowing 
across the building area. Gas flow meter readings were checked every 30 
minutes during the whole build. Results showed a stable reading on 
12Liters/hour, which was used for calculating the heat transfer coefficient. 
The protective argon gas has a density of 1.67kg/m3, a thermal conductivity 
of 17.80x10-3W/m·K, a specific heat capacity of 0.52J/g·K and a viscosity of 
22.7241µPa·s at a chamber temperature of 30°C during the build [194, 195]. 
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Using the equation (4.2) – (4.4), the heat transfer coefficient used in the 
model was calculated to be 14.73W/m2·K. 
 
7.4.2 Bottom surface 
With no pre-heating applied to the build substrate, the bottom surface of the 
geometry used in the melting process simulation can be seen as a 
conduction surface, as the heat will transfer from the powder bed to the solid 
build substrate. The bottom surface temperature of the build substrate was 
read every 30 minutes during an 8 hour build and the results are shown in 
Figure 7-4. 
 
Figure 7-4 Bottom surface temperature of the build substrate monitored 
during an 8 hour build 
 
Figure 7-4 showed, after around 1.5 hours, the substrate bottom surface 
temperature could reach 40°C to 45°C, and maintained at this temperature 
range until the build completed.  
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A finite element model was established to calculate the depth of the heat 
affected zone due to substrate bottom surface temperature increase during 
the build. The model was based on solving the Fourier’s Law of heat 
conduction. The geometry used in this model has the same size and shape 
of the building substrate used in the experiment. Top and side surfaces of 
the build substrate are both conduction surfaces to allow the heat flowing 
from the build substrate to the surrounding environment.  Bulk stainless steel 
316L’s material properties were used as the material property inputs.   
The load in this model is the temperature applied to the bottom surface of the 
build substrate. Since the maximum temperature from the record was 45°C, 
the model presumed there was a constant 45°C temperature applied onto 
the bottom surface of the build substrate. A temperature distribution result at 
the steady state is shown in Figure 7-5.  
 
Figure 7-5 Temperature distribution on the build substrate when a constant 
45°C temperature applied onto its bottom surface 
 
In Figure 7-5, the black area in the geometry has a temperature below 30°C, 
which is the chamber temperature during the SLM process. The temperature 
distribution result shows the heat affected depth of the build substrate was 
relative small compared with the substrate thickness, and did not affect the 
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top surface at all. So when no pre-heating was applied to the build substrate, 
the bottom surface of the modelling cuboid was a conduction surface where 
heat transferred from the powder bed to the solid substrate. 
 
7.5 Summary 
The results of the third part experimental programme were presented in this 
chapter. Essential model inputs were measured, calculated and discussed. 
The solid state stainless steel 316L’s physical and thermal properties were 
used in the model for the liquid state as an assumption due to their close 
density. The density value of 7994kg/m3 is used for the solid state, and 
4880kg/m3 is used for the powder state. Equations were developed for 
solving the temperature dependent conductivity and specific heat capacity of 
both solid state and powder state stainless steel 316L.  
The input heat source is a Goldak body heat source, and has a power of 
47.5W, a beam width of 0.025mm on both X and Y directions at 50% of peak, 
and a beam width of 0.044mm on X direction and 0.037mm on Y direction at 
13.5% of peak. 
Boundary conditions were also clarified. The top surface of the modelling 
cuboid is a forced convection surface with the heat transfer coefficient of 
14.73W/m2·K. The four side surfaces are continuous heat conduction 
surfaces, as well as the bottom surface. 
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8 Results & Discussions - Heat 
transfer Model Establishment 
 
 
8.1 Introduction 
This chapter presents the results and analysis from the modelling work. The 
overall modelling method was described in chapter 4. Three main steps on 
the heat transfer model establishment are presented, and the results from 
each step are discussed. 
The first step of heat transfer model establishment was to apply a moving 
heat source on a solid material state medium. It helped to analyse the effect 
of laser processing parameters on the heat affected area without considering 
the material properties, giving a trend related to the experiments. 
The second step was to apply the moving heat source on a medium with 
state variable material properties. The temperature distribution results are 
compared with applying the moving heat source to the medium which has 
solid material state or powder state only. 
The third step was a multi-layer model establishment. Melt pool behaviour 
changes due to the increase of layers are presented and discussed. The 
nodes in each layer have different temperature distributions, and the results 
are analysed. 
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8.2 Moving heat source application 
8.2.1 Melt pool formation 
The moving heat source was applied on a solid material state medium. The 
results from heat transfer modelling are focused on the melt pool behaviour, 
such as shape, size and temperature. From calculated temperature 
distribution results, the area marked in the Figure 8-1 with temperature 
higher than stainless steel melting temperature 1400⁰C at the origin is the 
predicted melt pool.  
 
Figure 8-1 Melting pool formation from FE modelling 
 
Figure 8-2 shows different temperature distributions picked at different times 
using a 200mm/s laser scanning speed, and the maximum temperatures 
were recorded. During the whole thermal history, the melt pool shows a very 
stable size with the width and length in equilibrium except for the initial time 
period. The maximum temperature inside the melting pool stayed in a narrow 
range with the standard deviation of 41.07⁰C (1.2% of the average value). 
This indicates that each hatch line will have a stable straight shape and can 
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provide reliable size accuracy for the part under continuous moving heat 
source. 
 
Figure 8-2 Temperature distribution at different recording time using 200mm/s 
scanning speed, a at 4s, b at 8s, c at12s, d at 16s 
 
8.2.2 Laser processing parameters effect 
As a main factor in determining the laser energy density, the effect of the 
laser scanning speed on the temperature distribution was studied. Four laser 
moving speeds 150mm/s, 200mm/s, 250mm/s and 300mm/s were used in 
the heat transfer modelling work to present different behaviours of melting 
pool. The main difference between different scanning speeds is the melt pool 
size, where lower speeds leading to an increase of the size, as shown in 
Figure 8-3. According to energy density definition described in Equation (2.9), 
with laser power and laser beam diameter remaining constant, lower 
scanning speed will create higher energy density, which will increase the 
a) b) 
d) c) 
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temperature in the laser-material interaction area and therefore increase the 
melting pool size. 
 
Figure 8-3 Temperature distribution under 300mm/s (a) and 150mm/s (b) 
 
With an energy intensity increase, not only does the melting pool size 
increase, but also the maximum temperature inside melting pool. The melting 
pool size and maximum temperature under four scanning speed were 
compared and shown in Figure 8-4. The predicted melt pool length is larger 
than the width in the selected scanning speeds range. However, the trends in 
Figure 8-4 present a faster decrease in the melt pool length than the width. 
This indicates the melt pool size will become more circular when increasing 
the scanning speed. Under certain high scanning speed, a circular melt pool 
with diameter close to the laser beam diameter can be anticipated.   
 
Figure 8-4 Melting pool size and maximum temperature under four different 
scanning speeds 
a) b) 
 170 
In the SLM process, the laser scanning speed is determined by the point 
distance between two spots and the exposure time that the laser stays at 
each spot, calculated in Equation (2.10). Also a hatch distance is set to 
control the scan overlap, presented by Figure 2-6 in section 2.3.3. With a 
lower scanning speed, a larger melt pool is generated. Under a certain hatch 
distance, larger melt pool can generate more overlap between neighbouring 
melt pools, and the pores formed in between neighbouring melt pools will 
become smaller or disappear, leading to a low porosity in the part built by 
SLM. Therefore, in a processing parameters optimisation study, decreasing 
the scanning speed until the melting pool is big enough to create suitable 
overlap in the building area is one efficient method to improve the density 
and mechanical properties. This prediction shows agreement with the 
experiment results presented in section 5.2.4. However, improper low 
scanning speed will increase the temperature inside the melt pool. In some 
areas the temperature can go over the material’s boiling temperature 2900°C 
and form material evaporation. This prediction is also agreed with the 
experiment results presented in section 5.2.4 and 5.3.1. 
 
8.3 States variable material properties application 
Three FE models with a moving heat source applied to a solid material state 
medium, a powder state medium and a state dependant medium were 
established. The temperature distributions results are shown in Figure 8-5, 
Figure 8-6 and Figure 8-7. The purpose of modelling a single layer with three 
material states is to show the importance of using state variable material 
properties in the simulation, by comparing the differences in the temperature 
distributions results. The other model inputs stay the same for these three FE 
models. 
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Figure 8-5 Moving heat source applied to a solid material state medium 
 
When the moving heat source was applied to the solid material state medium, 
the formed melting pool had a shape close to that of the heat source, and a 
maximum temperature around 2800°C. The heat was transferred widely 
throughout the whole geometry, forming a quarter of the ellipsoidal heat 
affected zone.    
 
Figure 8-6 Moving heat source applied to a powder state medium 
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When the moving heat source was applied on the powder state medium, the 
temperature distribution was significantly different. Due to the relatively low 
thermal conductivity of the powder bed compared to the solid material, the 
heat had less freedom to be transferred further into the geometry. Most of 
the heat was contained in a small area, forming a long narrow melting pool, 
with a maximum temperature around 5000°C. The heat affected zone was 
also narrower compared with the one in the solid material state medium. 
 
Figure 8-7 Moving heat source applied to the states variable medium 
 
When the moving heat source was applied to the states variable medium, the 
shape of the heat affected zone was very similar to the one in the powder 
state medium. This was mainly because the powder bed has relatively low 
thermal conductivity, and the heat was not being transferred further into the 
geometry as well as in the solid state. Since the powder material in the melt 
pool moving path was transferred to a solid state after the laser passed, heat 
was easily conducted through the solid path, reducing the length and 
temperature of the melting pool. The maximum temperature of the melting 
pool was around 2800°C, which is closer to the one on the solid material 
state medium. 
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The results present that the sizes and shapes of both melt pool and the heat 
affected zone are very different when the moving heat source is applied to 
different material states. The temperature distribution results predicted by the 
model will be used for further analysis and the microstructure prediction. 
Therefore, states variable material properties need to be applied in the model 
to result accurate prediction. 
 
8.4 Multi-layers model establishment 
A multi-layers model was established based on the single layer modelling 
results. The element size used in the model is 0.025mm, while the building 
layer thickness set in the experiment is 0.5mm. Therefore each layer 
contains 2 layers of the elements and 3 nodes in the vertical direction.  
In the SLM process, the laser generated heat affected zone can only reach a 
certain depth with a few powder layers involved, leaving the rest of the 
powder layers unaffected. To obtain a single node or element’s temperature 
history due to the layers building, 3 continuous vertical arrangement nodes in 
the central melting pool moving path were selected, shown in Figure 8-8 and 
Figure 8-9 (the rest can be done in the same manner), and their 
temperatures as a function of time were recorded. The multi-layer analysis 
continues layer by layer until the elements’ temperatures remains unaffected 
by the laser energy.  
A time period of 50 seconds was used for plotting the nodes’ temperatures 
as a function of time, since it is a typical time period for laser scanning and 
powder depositing in each layer during thin wall building. Although the 
cooling step which includes the powder deposition for the next layer is much 
longer compared with the heat moving step, the temperature of the nodes 
before the next layer started may not be able to decrease to the surrounding 
temperature 30°C. But the elements melted by the laser should be 
consolidated already, so a solid state material property can be applied. The 
powder deposited for the next layer has a temperature of 30°C, the same as 
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the process chamber temperature. Therefore, to avoid complicating the 
whole model by adding the thermal history results from the previous layer 
analysis to the next layer and affecting the boundary settings, a complete 
cool down step was assumed before applying the moving heat source to the 
next layer. The aim of this multi-layers modelling work is to obtain the melt 
pool behaviour and temperature distribution trend when building up the 
layers.   
Figure 8-8 to Figure 8-16 show temperature distributions on the whole 
geometry, and 3 nodes’ temperature recorded curves from 1 layer to 9 layers.  
 
 
Figure 8-8 Temperature distribution result (top), temperature history for 3 
selected nodes (bottom), layer 1 
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Figure 8-9 Temperature distribution result (top), temperature history for 3 
selected nodes (bottom), layer 2 
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Figure 8-10 Temperature distribution result (top), temperature history for 3 
selected nodes (bottom), layer 3 
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Figure 8-11 Temperature distribution result (top), temperature history for 3 
selected nodes (bottom), layer 4 
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Figure 8-12 Temperature distribution result (top), temperature history for 3 
selected nodes (bottom), layer 5 
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Figure 8-13 Temperature distribution result (top), temperature history for 3 
selected nodes (bottom), layer 6 
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Figure 8-14 Temperature distribution result (top), temperature history for 3 
selected nodes (bottom), layer 7 
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Figure 8-15 Temperature distribution result (top), temperature history for 3 
selected nodes (bottom), layer 8 
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Figure 8-16 Temperature distribution result (top), temperature history for 3 
selected nodes (bottom), layer 9 
 
The temperature distributions in Figure 8-8 to Figure 8-16 show a trend that 
the heat affected zone became smaller and smaller from layer 1 to layer 9, 
while the melt pool became larger. This is because of the relatively low 
thermal conductivity of the powder bed compared to the solid material, so the 
heat had less freedom to be transferred further into the geometry when the 
powder layers build up. The shape of the heat affected zone was similar to 
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the one predicted in the solid material state when 1 layer of powder was 
applied, but close to the one predicted in the powder state when 9 layers of 
powder were applied. The maximum depth of heat affected zone reached 9 
layers, indicating that after 9 layers build, the shape and size of the heat 
affected zone and the melting pool would be constant. So the multi-layers 
modelling ceased at 9 layers. 
The selected three nodes’ temperature history was recorded from layer 1 to 
layer 9 in heat moving step. Their peak temperatures as a function of the 
layers are plotted in Figure 8-17. The temperatures have big drops from layer 
1 to layer 3, indicating the heat was concentrated in the top 2 layers, where 
the laser-material interaction happened and the melt pool formed. The depth 
of the melt pool is close to 2 layers and suggests a strong bonding between 
layers. Some nodes temperatures in layer 1 and 2 are higher than the boiling 
point for a few seconds, where evaporation can be predicted. From layer 3, 
all nodes’ peak temperatures are below the melting point, indicates the 
elements there remain the solid state when re-heated.  
 
Figure 8-17 Selected nodes’ peak temperatures in each layer 
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This multi-layers model predicted the temperature history for a moving laser 
with 50W power, 0.04mm beam diameter and 200mm/s scanning speed 
applied on a powder bed formed by LPW powder. Changing either the input 
energy intensity or the powder bed properties can result in a change of the 
prediction results. In the case of simulations with evaporation predicted, the 
material is assumed to evaporate and leave the model geometry; therefore 
the temperature in the heat affected zone should never be higher than the 
boiling temperature. Since this evaporation has not taken into account in this 
modelling work, the temperature of the melt pool is not bounded by the 
boiling temperature. This leads to a significant overheating of the liquid pool 
[196]. It should be noted that this over-heating is unphysical, and it is unlikely 
that the predicted temperature higher than the boiling point will actually occur 
without the evaporation of material.  
This simulation work also contains limited assumptions in liquid material 
state behaviour and properties. It should be noted that the laser material 
interaction will change when the material states change, especially the 
energy absorption. The wetting behaviour of the molten material as a result 
of surface tension forces also affects the temperature distribution in the heat 
affected zone. Therefore, the modelling results can be improved if a solution 
to model these effects can be established; however, it has yet to be found 
[154].   
A temperature history for the middle node from layer 1 to layer 9 was 
recorded, and is plotted in Figure 8-18. It presents a whole thermal history for 
a certain point (middle node of each layer) during the SLM process. The 
material at this point experienced a melting or vaporising, followed by the 
solidification; then re-melting and solidification again; was re-heated by the 
heat conduction a few times before not be affected by the laser energy any 
more. The temperature history can be used for microstructure prediction, and 
is discussed in the next chapter. 
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Figure 8-18 Temperature history for the middle node from layer 1 to layer 9 
 
8.5 Summary 
The results of the heat transfer modelling work were presented and analysed 
in this chapter. Three main steps on the heat transfer model establishment 
are presented. 
When applying a moving heat source to a solid state medium, the melt pool 
shows a stable size with the width and length in equilibrium in the laser 
moving period. Decreasing the moving heat source speed leads to a larger 
melt pool generation, and helps to reduce the porosity in the part built by 
SLM. Improper low scanning speed results in some elements’ temperatures 
going over the material’s boiling temperature 2900°C and form material 
evaporation. The predicted modelling results show a good agreement with 
the experiment results. 
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Three FE models with a moving heat source applied to three different 
material states have results presenting that the sizes and shapes of both 
melt pool and the heat affected zone are different when the moving heat 
source is applied to different material states. Therefore it is important to use 
the state variable material properties in the simulation to obtain accurate 
temperature distribution. 
Multi-layers modelling results presented a trend that the heat affected zone 
became smaller while the melt pool became larger when the layers build up. 
The maximum depth of heat affected zone reached 9 layers, where the 
modelling creased. The heat generated by the laser concentrated in the top 2 
layers, where the laser-material interaction happened and the melt pool 
formed. A whole thermal history for the material at a certain point during the 
SLM process was presented, and can be used for the microstructure 
prediction in the next chapter.  
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9 Results & Discussions - 
Microstructure Prediction and 
Validation 
 
 
9.1 Introduction 
This chapter presents microstructural prediction based on the results 
obtained in the modelling work, as well as the results from the fourth part of 
the experiment – microstructure examination. The experimental examination 
of the microstructure is a validation process for the predictive heat transfer 
model developed in Chapter 8. 
 
9.2 Microstructure prediction 
Microstructural prediction was based on the temperature distribution history 
obtained from the heat transfer modelling work in chapter 8. The isothermal 
transformation diagram (time-temperature-transformation diagram) for rapid 
cooled austenite stainless steel was used for determining phase formation 
during the SLM process, shown in Figure 9-1. Considering the chemical 
composition of stainless steel 316L, three equilibrium phase diagrams – Fe-
C (Iron-carbon), Fe-Cr (Iron-Chromium) and Fe-Ni (Iron-Nickel) were also 
referred to, figures can be found in section 2.3.9. Figure 8-18 gives a 
temperature history from layer 1 to layer 9, and the results are used in the 
prediction. The cooling rate changes during each cooling process, but a 
major effective cooling rate which describes the majority temperature change 
can be calculated.  
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Figure 9-1 Isothermal transformation diagram for carbon steel [197] 
 
In the multi-layer heat transfer model, elements in layer 1 (top layer) which 
were directly heated and melted by the moving source had an overall 
temperature over the boiling point and then were cooled down very fast, as 
shown in Figure 9-1. Due to this rapid heating and cooling process, massive 
γ-iron should be generated.  
Elements in layer 2 (one layer underneath) were affected by the heat 
conduction, and part of them were re-melted. Most elements had the 
temperature increased to the melting point and then cooled down fast too, as 
shown in Figure 9-1. Due to very fast heating and cooling rate again, γ-iron 
should be re-generated.  
Elements in layer 3 to layer 9 were also affected by the heat conduction, but 
remained in the solid material state since their maximum temperature did not 
reach the melting point. They experienced a fast heating rate and relative 
1st layer 2nd layer 
Temperature remains for all 9 layers 
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fast cooling rate, but the temperature remains in the 400-600°C for about 30 
seconds, as shown in Figure 8-18. This is also happened to the top 2 layers. 
Since this temperature maintaining still sits in the austenite area, the 
austenite phase generated before should remain the same.  
In the Fe-C phase diagram, with carbon weight percentage less than 0.03%, 
austenite is expected in the temperature range from 912°C to 1394°C. In Fe-
Cr phase diagram, with chromium weight percentage around 16.5%, the 
binary Fe-Cr alloys are nearly ferrite (α-iron) over the whole temperature 
range below melting point. In Fe-Ni phase diagram, with nickel weight 
percentage around 10.1%, austenite is expected when the temperature 
above 700°C.  
In the iron-rich corner of the C-Cr-Ni-Fe system, α-iron usually does not form 
in a very fast cooling procedure [105]. Rapid cooling from the γ region should 
give a retained austenite structure.  
 
9.3 Microstructure examination 
Polished and etched (based on the practice standard ASTM E407) thin wall 
samples were examined under optical microscopy and SEM. Since SEM 
images could give more clear details than optically captured images, they 
were picked for microstructure examination and discussion. Figure 9-2 and 
Figure 9-3 show the SEM images of SLM part’s microstructure on horizontal 
view, while Figure 9-7 and Figure 9-8 on vertical view. The horizontal view is 
parallel to the laser moving path, and the vertical view look at the layer 
building direction.  
9.3.1 Horizontal view 
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Figure 9-2 SLM stainless steel microstructure under SEM, mag=500, 
horizontal view 
 
Figure 9-3 SLM stainless steel microstructure under SEM, mag=1000, 
horizontal view 
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Variable sizes of grains can be found in the horizontal view, and most sizes 
fit into the range of 30-45µm. It can be found that the grain size becomes 
smaller at the edges. There is no significant grain growth phenomenon along 
the laser moving track, indicating relative average temperature distribution 
change and cooling rate in the horizontal view during the laser movement.  
In Figure 9-3, it can be seen that the whole horizontal view was divided into 
several areas by the lines parallel to the laser moving path. These lines are 
not grain boundaries, but were generated by the temperature changes inside 
the heat affected zone during laser movement, as shown in Figure 9-4. Five 
nodes were picked from the centre to the edge of the heat affect zone, and 
their temperature history was plotted in Figure 9-4. Nano indentation was 
done on each area to check if there is any property difference. The result is 
shown in Figure 9-5. 
 
Figure 9-4 Temperature history of five nodes picked from the centre to the 
edge of the heat affected zone 
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Figure 9-5 Nano indentations on polished SLM thin wall horizontal side 
 
In Figure 9-5, the indentations in different areas had a similar shape and the 
indentation sizes within a range of 12.0µm - 13.6µm. It indicated that even 
the grains were located in different areas, they still had very close material 
properties, and they should be the same phase.  
Another observable feature is located in the centre of the sample, where both 
grain boundaries and grain features are very difficult to see. Additional nano 
indentation testing was carried out on this special area and surrounded 
grains, the result is shown in Figure 9-6. The indentations in surrounded 
grains are smaller than the ones in the centre area, in an increment of 
0.49µm, suggests a tiny increase in hardness. Since the difference could not 
be recognised as relative significant, it still indicated that the central area 
should be the same phase, and should have similar material properties. 
Nano indentations 
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Figure 9-6 Nano indentations on the central area and surrounded grains 
 
9.3.2 Vertical view 
Variable sizes of grains can also be found in the vertical view (Figure 9-7 and 
9-8), with the shape different from the horizontal view. Significant grain 
growth can be observed from the centre to the edges of the sample, through 
several layers, forming long narrow grains in the vertical view. The grain’s 
size also becomes much smaller at the side edges. 
 
Nano indentations on the central area of thin wall 
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Figure 9-7 SLM stainless steel microstructure under SEM, mag=500, vertical 
view 
 
Figure 9-8 SLM stainless steel microstructure under SEM, mag=1000, vertical 
view 
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The SLM process can be considered as a rapid solidification process, as 
proved by the modelling results. Cellular microstructure in solidification of the 
alloys usually occurs under constitutional supercooling [111]. For a certain 
solute concentration profile, the highest temperature gradient corresponds to 
planar growth [83]. When the temperature gradient decreases, crystallisation 
mode changes from planar to cellular, then to cellular-dendritic, and finally to 
a dendritic solidification mode [83].  
As a layer by layer built up process, the temperature gradient decreases 
from the top layer which has directly contact with the laser beam, to the 
underneath layer which has only been heat affected by the heat conduction. 
This results the grains with elongated shape appear in the vertical cross 
section of the sample, and grow with certain angle regarding the layer built 
up direction, as shown in Figure 9-8. These grains are crystallised in a 
cellular-dendritic mode, with a few of them in a dendritic mode.  
In conventional directional solidification, crystals grow perpendicularly to the 
crystallisation front following the highest thermal gradient [111]. The grains 
formed at the central heat affected area can grow following the highest 
thermal gradient without divergence, as shown in Figure 9-8. This grow can 
continue over several layers before the crystallisation finished.  
  
9.3.3 Phase identification 
EBSD techniques were used on phase identification, as well as delivering 
clear details on grain sizes and boundaries. The grain sizes and directions 
present the same situation observed from SEM images. Crystalline 
orientation maps of the austenitic phase can be found in Figure 9-9 and 
Figure 9-10. Crystallographic orientation results showed that 99.7% of 
detected area was formed by γ-iron (Gamma ferrite), which is known as 
Austenite. This result proves the microstructure prediction in section 9.2 is 
the correct. 
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Figure 9-9 Crystalline orientation maps of SLM thin wall part, horizontal view 
Laser moving direction 
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Figure 9-10 Crystalline orientation maps of SLM thin wall part, vertical view 
 
The grains’ size and grow direction in the Figure 9-9 and 9-10 show 
agreements with the microscopy images, and validate the previous analysis. 
Layer build up direction 
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10 Discussions 
 
10.1 Introduction 
A discussion of the experimental results and the finite element modelling 
work is presented. The connection between all the works done in this 
research is discussed at the beginning, followed by the discussions of the 
results achieved. Energy input’s effects on the SLM part’s quality are 
discussed, along with the effect from the building conditions. Powder 
material’s properties effects are analysed. Heat transfer modelling 
temperature distribution results, microstructure prediction and validation are 
discussed. The contribution of this thesis to the SLM research area is 
discussed at the end. 
 
10.2 Connection between the works 
Both experiment and modelling works have been carried out in this research, 
and their connection needs to be presented. The aim of this research is to 
assist the SLM process become more controllable and repeatable. This 
requires a good awareness and understanding on all possible effects which 
may influence the process and the final part’s quality.  
Experiments were carried out first to investigate the three leading factors in 
the SLM process - energy input, build conditions and raw material properties. 
The effect of these processing parameters can be studied by the experiment 
results directly. However, key factors which describe and determine the 
melting process such as the melting pool behaviour and thermal history are 
not easy to be measured and investigated from the experimental programme. 
Therefore, a modelling work is needed for further understanding the laser 
melting process. 
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Experiment results help to have an idea on which process parameter needs 
to be involved in the modelling work, and provide the correct model inputs for 
a reliable and accurate simulation. Chapter 5 and 6 presented the results 
from SLM process control parameters study. They give a basic knowledge 
on the SLM technique, with a further understanding in controlling it. The 
relationship between the input (laser energy, powder bed, build conditions, 
etc.) and the output (part’s physical and mechanical properties) of the SLM 
technique has been presented and analysed, and it is the basis of the further 
modelling work. The results in these two chapters identify the effective 
process parameters which are converted to main model inputs in chapter 7, 
and provide the experimental explanations for the post-simulation analysis in 
chapter 8.   
Chapter 7 presented the essential model inputs for the simulation work in 
chapter 8. The finite element model cannot be established without these 
inputs. Predictions from the modelling work in chapter 8 present further 
knowledge on the melting process and thermal history, and provide the 
explanations in a schematic way. The results agreements between the 
experiment and modelling prediction give a confidence in controlling the SLM 
process and built part’s quality. Chapter 8 provides the temperature history in 
the SLM process for the microstructure prediction in Chapter 9. 
Chapter 9 delivers the aim of this research. Microstructure prediction was 
carried out based on the results from chapter 8 and the knowledge obtained 
from previous four results and discussion chapters. A final microstructure 
examination is presented as a validation of the modelling work, as well as a 
useful complement of the process control study in chapter 5 and 6.  
Experiment works in this research provide the model inputs and validate the 
modelling results, while the modelling work predict the melting process and 
explains some experiment results. Both of the works add the useful 
knowledge to the SLM technology for a better control.     
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10.3 Energy input and building conditions 
Successful fabrication of SLM parts requires suitable energy input and 
proper build conditions. Energy input involves the processing parameters 
from both optical scanning system and process scanning strategy. Laser 
power, beam profile, scanning speed and hatch distance are four key factors 
which primarily affect the final parts quality.  
Energy density definition in Equation (2.9) actually describes a liner solution 
along the laser moving direction. Due to the tiny width of the laser beam on 
the powder bed, the area formed using laser beam diameter multiply by the 
laser scanning speed can still be considered as 1D geometry. To expand this 
solution into 2D area, hatch distance can be added, shown in Equation (5.2). 
High energy density input helps to achieve high density SLM part with 
relative high tensile strength and elongation. Keep increasing the laser 
energy density may introduce porosity to the SLM part since high energy can 
vaporise few powder material, and decrease the tensile strength and 
elongation. When improper high laser energy density is delivered to the 
powder bed, the vaporised particles and plasma formation above the powder 
bed decreases the laser energy absorption, and generates series sizes of 
sintered particles covering the top surface of the powder bed. These sintered 
particles absorb and disperses the laser energy, leaving the SLM part with 
high surface roughness, low density and low tensile strength.  
With F-theta lens equipped inside the SLM optical system, a flat field at the 
image plane of scan is provided and the laser energy can be delivered 
uniformly to the powder bed. The parts built by the same energy density 
input can have the same physical and mechanical properties regardless their 
positions in the whole building area. Insert gas flow inside the chamber helps 
to cool down the heat affected zone and melting pool solidification, but it 
does not affect laser-powder interaction and SLM parts’ quality. With Argon 
as protecting gas filled in the process chamber, oxidation can hardly happen 
and affect the part’s quality. 
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Re-melting a solid layer can improve the surface finishing, and can be used 
not only on the finishing layer. Smooth surface allows uniform powder 
material delivery for each layer, and helps to generate uniform laser-powder 
interaction and heat distribution. The built part can have relative stable 
material properties through layers. Unlike re-melting process, pre-heating on 
the build substrate could not deliver enough heat to reduce the temperature 
gradient in the heating and cooling procedure, so it cannot generate 
significant improvement compared with non pre-heating process.  
 
10.4 Powder material’s properties effect 
Powder, as raw material used in the SLM process, has particle shape and 
size distribution effect the laser-material interaction in the SLM process. 
Powder flowability can be affected by both the particle shape and size 
distribution. Spherical particles with narrow range size distribution usually 
contain high flowability. 
Particle size distribution determines powder bed density. Due to different 
powder bed density, laser energy absorption and laser penetration varies, 
producing different temperature distribution and heat affected zone. Wider 
range of particle size provides higher powder bed density, which helps to 
generate higher density parts than lower powder bed density under the same 
laser energy density input (except in very high laser energy density region). 
There is no strict relevance between powder bed density and SLM parts’ 
mechanical properties. Powder with narrow range of particle size generates 
parts with higher UTS and larger hardness, while powder with wide range of 
particle size generates smoother side surface finishing parts. 
Powder sustainability study indicates powder degradation during long time 
SLM building and recycling procedure. Powder with wider range of particle 
size has its size distribution change more significant than narrower range 
one. This size distribution change affects the SLM parts’ quality by increasing 
the top and side surface roughness and decreasing the tensile strength. 
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Obvious trends can be found when adding the processing time. The fine 
particles with the size below 10µm gradually disappear during the building 
and recycling procedure. They were sintered during the build by the laser to 
form a larger particle, or vaporised by the laser high energy intensity. They 
also disappear when unloading, sieving and loading as they are very easy to 
flow in the air. 
Particles in the heat affected zone during the build can be affected by the 
high heating and cooling rate. It could be assumed that there is 
recrystallization happening and the grains inside the particles tend to 
become smaller. When two particles are sintered together, both strong 
necking with grains growing through and weak necking with grains still stay 
separately can be formed. 
 
10.5 Temperature distribution history and microstructure 
prediction and validation 
When the laser is delivered to the powder bed, powders on the top surface 
are melted very quickly to form a melting pool. The heat generated by the 
laser could not transfer a lot further due to the low conductivity of the non-
continuous powder bed. The shape of the heat affected zone on the laser 
moving path tends to be a narrow width track. Melt particles have the 
solidification happens immediately after the laser moves away, leaving a 
solid path for easier heat conduction. This solidification helps to maintain 
stable melting pool shape and moving speed.  
When layers are built up and gradually away from the solid substrate, the 
size of the heat affected zone and the melting pool may change according to 
the surrounding material’s thermal properties. The depth of the heat affected 
zone can only reach certain layers, so the layers built up afterwards should 
have the same temperature distributions. 
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Due to the rapid heating and cooling process on stainless steel 316L powder 
in SLM build, massive γ-iron can be generated. When re-melting happens to 
the γ-iron phase with remained fast cooling rate, austenite is re-generated. 
Heat affection by the conduction which could not melt the stainless steel 316 
L materials, rapid cooling in the γ-iron region should give a retained austenite 
structure. 
Experimental microstructure examination proves the correct prediction from 
heat transfer modelling results, by showing 99.7% of EBSD detected area is 
austenite structure.  
 
10.6 Linkage and contribution to SLM research area 
In this research, the initial study on the process control parameters, 
especially the laser energy intensity investigation, was carried out based on 
the literature work. The results and analysis obtained show agreements with 
the previous work. Build direction and gas flow effect study fill in small gaps 
of the knowledge in the literature.   
The powder bed studies on the particle size distribution effect on the SLM 
build quality, as well as the powder sustainability study, fill the gap in the 
literature. It has been reported that the metal powder can be recycled and 
reused [25, 71], but did not give effective powder life time. The powder’s 
properties have been studied and reported, but powder bed properties are 
lack of investigation. This research has contribution to this area, as the 
powder bed can also affect the SLM process.    
The heat transfer model was established based on the previous works. The 
major model input – moving heat source is a resource directly from Goldak 
[119, 134]. Other model inputs such as the state variable material properties 
have been developed based on the idea of the powder consolidation kinetics 
[142-145]. The initial modelling results also show agreements with the previous 
SLM modelling work. 
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The main contribution of this research is the establishment of a ‘layer by 
layer manner’ multi-layer heat transfer model. This model allows the 
temperature field prediction into a 3D system. It expands the boundary of the 
SLM models prediction, and gives the opportunities to do further study in the 
thermal behaviour investigations.  
Another main contribution of this research is to use the thermal models on 
microstructure prediction. This helps to control the SLM process and final 
part quality. The microstructure prediction supplies extra explanations on the 
crystallisation and grains formation process, and will help to gain accurate 
and reliable expectations for the mechanical properties. 
The knowledge gained in this research can always be transferred to another 
material in the SLM process, and the model established can be converted 
and developed for other materials too. 
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11 Conclusions and Future Works 
 
 
11.1 Conclusions 
The main conclusions of this research are presented as follows. 
1. Successful fabrication of SLM parts requires a comprehensive 
understanding of laser energy input, raw material characterisation and 
building conditions. 
2. Laser power, beam profile, scanning speed and hatch distance are 
four key factors which affect the final part’s quality primarily. 
3. Improper high energy density will generate vaporised particles or 
plasma during the building, results the built part with high porosity and 
low mechanical properties. 
4. Re-melting the current solid layer helps to smooth the surface 
finishing. 
5. Powder particles shape and size distributions affect the powder bed 
physical and thermal properties, and therefore affect the final SLM 
parts quality. 
6. High powder bed density will help to build high density SLM parts. 
7. Metal powder will degrade after long time processing. 
8. Heat affected zone and melting pool sizes and shapes varies 
depending on surrounding material properties.  
9. The depth of heat affected zone can only reach certain layers. 
10. Due to high heating and cooling rate during SLM process on stainless 
steel 316L, the majority (and only) phase generated is austenite – γ-
iron. 
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11.2 Future works 
Research in selective laser melting has been developed with many works 
were presented in energy input study and processing parameters 
optimisation. Very few works looked at the laser-powder material interaction 
during the build. Since powder particles shape and size distributions 
determine the powder bed density and thermal properties, which will affect 
the laser energy absorption and penetration. An efficient way to measure the 
laser energy absorption for different powder bed formation needs to be 
developed. Experimental method will be more practical. 
Powder sustainability study can be continued to study the effective metal 
powder life in the SLM process. This will help to maintain the controllability 
and repeatability of the SLM process.  
Thermal modelling on the temperature distribution and microstructure 
prediction can be developed into a further step, which involves mechanical 
analysis such as residual stresses prediction. The thermal mechanics 
modelling work has wider application that may give accurate prediction on 
the curling issues happen during the SLM build. 
To obtain more accurate predictions from the thermal modelling work, 
evaporation simulation should be involved in the model. Model geometry 
change by changing the elements active states can be used.   
Melt pool dynamics simulation can also be developed for a better 
understanding on the melt pool behaviour. Efficient experimental 
measurement methods need to be developed to quantify the liquid state 
material properties, as well as the laser energy absorption. This will help the 
temperature history prediction more accurate and reliable.  
In this research, a multi-layer model with one laser pass for each layer has 
been established. Multiple passes for each layer can be developed to gain 
more details in 3D sample structures. 
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The heat transfer model can also be applied onto different geometries, such 
as cylinder, lattice, etc. With a temperature distribution on the whole 
geometry of built part, it provides more information for a better understanding 
of the whole SLM process. 
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